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ABSTRACT 
 
A combination of scientific and commercial research efforts are presented in this 
work.  Exploits in both early- and late-stage research and subsequent scale-up 
opportunities are discussed, in particular, highlighting novel idea-to-market approaches 
suitable for composite materials with nanoscale fillers.  Both polymeric and metallic 
nanocomposites are commercially explored, whereas answers to fundamental questions 
for polymeric composites filled with biologically derived nanomaterials are provided.   
In the first example, the role of a stabilizer in the stiffening and strengthening of 
cellulose nanocrystal (CNC) filled epoxy was studied.  Cetyltrimethylammonium 
bromide (CTAB), a cationic surfactant, and Boehmite nanoclay (Boe) were mixed with 
CNCs in water during processing.  Boe+CTAB synergistically stiffened the CNC-epoxy 
composites, increasing elastic modulus by 72% over neat epoxy and 49% over 
unstabilized CNC-epoxy composites.  Boe-treated CNC-epoxy composites exhibited a 
23% increase in tensile strength over unfilled epoxy and a 63% increase over an 
unstabilized CNC-epoxy composite.  These nanocomposites also maintained the strain-
at-failure of neat epoxy and increased the storage modulus above Tg by 96%.   
Then, in a second example, amine functionalization provided a functional layer 
between cellulose nanocrystals (CNCs) and polypropylene.  Diethylenetriamine (DETA) 
was combined with polypropylene (PP) and then with CNCs in high-shear mixing.  
DETA-treatment stiffened the CNC-PP composites increasing elastic modulus by 75% 
over neat PP and untreated CNC-PP composites.  DETA-treated CNC-PP composites 
iii 
also exhibited a 32% increase in tensile strength over unfilled PP and a 28% 
improvement for CNC-PP composites without DETA treatment.  These nanocomposites 
were prepared without the use of organic solvents using a scalable, high-volume 
manufacturing approach.  A commercial scale-up plan for this work is presented in 
detail.  
Thermal interface materials (TIMs) are required to enhance the contact between 
component surfaces, decrease thermal interfacial resistance, and increase heat 
conduction across the interface.  A new TIM discussed herein is prepared using an 
already established technique of electrocodeposition, forming a flexible, nanocomposite 
film.  The film is highly compliant, utilizing an ultra-high thermal conductivity greater 
than 250 W/m·K, as opposed to the best commercially available TIMs with 
conductivities ranging from 5–80 W/mK.  This technology also achieves a total bulk 
thermal impedance of 1–4 × 10-3 K·cm2/W, an order of magnitude lower than 
commercially available TIMs. 
 iv 
 
DEDICATION 
 
I dedicate this work to my family including primarily my wife, Elisa, our first 
child Olive Rosemary, who went to Heaven May 12, 2015, our second child Oak Blake, 
our future children and our other family.  
 
 v 
 
ACKNOWLEDGEMENTS 
 
I would like to thank my committee chair, Dr. Akbulut, and my committee 
members, Dr. Creasy, Dr. Green, and Dr. Holtzapple, for their guidance and support 
throughout the course of this research. 
Thanks also to my friends and colleagues in the Materials Science and 
Engineering and the Department Chemical Engineering faculty and staff for making my 
time at Texas A&M University a great experience. A hearty thank you is extended to my 
friends at Mays Business School who have enlivened my academic tenure tremendously. 
I also wish to extend my gratitude to the National Science Foundation, whose helpful 
funding under the Small Business Innovation Research Grant program enabled some 
early work and continues to fund future work as discussed in Chapter IV. Also, a special 
thank you to Elizabeth Johnston-Tengler and Chuck Rocco at Ford Motor Company who 
provided industrially sourced funding and helpful voice-of-the-customer input 
throughout the early stages of the research and commercialization process.  I would also 
like to acknowledge my colleagues at Essentium Materials, LLC for funding much of 
this work and helping with larger batch processing: Elisa Guzman-Teipel, Ph.D., Ryan 
Vano, Bryan Zahner and Matt Kirby (former).  A special thank you to Mr. Gene 
Birdwell, co-founder of Essentium Materials, without whose unwavering support and 
financial backing of the research team, none of this work would have been possible.  I 
also wish to thank Will Seward and Ron Smith for their expert mold machining; Dr. 
Robert Taylor and Debbie Perry for use of their freeze-driers. I also acknowledge Texas 
 vi 
 
A&M University’s Materials Characterization Facility and Microscopy Imaging Center 
for training and electron microscopy imaging assistance. And way back in the beginning, 
I thank Dr. Alan Rudie at the USDA Forest Products Lab for his helpful conversations.   
 Finally, a very deep thank you to my dear wife for her patience and love, and my 
mother, father, brother and sister-in-law, for their consistent encouragement. Also, I 
extend my thanks to my mother-in-law, father-in-law and sister-in-law for their practical 
help and constant support.  
 vii 
 
NOMENCLATURE 
 
CN(s) Cellulose nanomaterial(s) 
NC Nanocellulose 
CNC(s) Cellulose nanocrystal(s) 
CNC-L(s) Lignin-coated Cellulose nanocrystal(s) 
CNF(s) Cellulose nanofibril(s)  
CTAB Cetyltrimethylammonium bromide 
Boe Boehmite 
DETA Diethylenetriamine 
PP Polypropylene 
PA Polyamide 
MAH Maleic acid group 
MAPP Maleated Anhydride Polypropylene 
MA MAPP-Amine 
Boe Boehmite 
HVM High volume manufacturing 
IM Injection molding 
GDC GDC Corporation 
SWTR Strength to weight ratio 
RWP RWP Kinsale Corporation 
GM General Motors Corporation 
 viii 
 
TIM(s) Thermal Interface Material(s) 
IP Instrument panel 
API American Process Incorporated 
SAM Served Available Market 
CAGR Combined Annual Growth Rate 
USD United States Dollar 
VC Venture Capital(ist) 
OEM Original Equipment Manufacturer 
BN Boron Nitride 
BNNS Boron Nitride Nanosheet 
TRL Technology Readiness Level 
MRL Manufacturing Readiness Level 
VoM Voice of the Market 
NSF National Science Foundation 
TAMU Texas A&M University 
SBIR Small Business Innovation Research (program) 
FTE Full Time Equivalent 
Tg Glass Transition Temperature  
 
 ix 
 
TABLE OF CONTENTS 
Page	
ABSTRACT ....................................................................................................................... ii	
DEDICATION .................................................................................................................. iv	
ACKNOWLEDGEMENTS ............................................................................................... v	
NOMENCLATURE ........................................................................................................ vii	
TABLE OF CONTENTS .................................................................................................. ix	
LIST OF FIGURES .......................................................................................................... xi	
LIST OF TABLES .......................................................................................................... xiv	
CHAPTER I  INTRODUCTION AND LITERATURE REVIEW ................................... 1	
On the approaches in this work .................................................................................. 7	
CHAPTER II  CELLULOSE NANOCRYSTALS AND BOEHMITE NANOCLAY 
IN EPOXY COMPOSITES ............................................................................................... 8	
Experimental .............................................................................................................. 9	
Results and discussion ............................................................................................. 12	
CHAPTER III  CELLULOSE NANOCRYSTALS IN POLYPROPYLENE 
COMPOSITES ................................................................................................................. 21	
Experimental ............................................................................................................ 22	
Results and discussion ............................................................................................. 26	
CHAPTER IV  CELLULOSE NANOMATERIALS IN THE MARKETPLACE ......... 36	
Potential uses for composites with CNs ................................................................... 38	
Scale up plans .......................................................................................................... 39	
Cost analysis: Raw material supply and pricing ...................................................... 39	
Competing technologies ........................................................................................... 40	
“Valley of Death” commercialization plan .............................................................. 41	
Customer analysis .................................................................................................... 42	
Industry overview & customers ............................................................................... 45	
Market analysis ........................................................................................................ 46	
x 
Intellectual property landscape ................................................................................ 51	
Finance & revenue model ........................................................................................ 53	
CHAPTER V  CONCLUSIONS ..................................................................................... 58	
On the general approach .......................................................................................... 58	
CNC-boehmite ......................................................................................................... 60	
CNC-PP .................................................................................................................... 61	
Commercial scale up efforts to date ......................................................................... 62	
Broader impact ......................................................................................................... 62	
Summary from Appendix: Thermal interface materials .......................................... 63	
On the author’s professional philosophy ................................................................. 63	
REFERENCES ................................................................................................................ 65	
APPENDIX:  COMMERCIALIZATION OF NEXT-GENERATION 
NANOCOMPOSITES. CASE STUDY OF METAL-MATRIX THERMAL 
INTERFACE MATERIALS ............................................................................................ 78	
Description of the problem ...................................................................................... 78	
Description of the proposed solution ....................................................................... 81	
Development plan .................................................................................................... 87	
Description of the potential commercial impact ...................................................... 99	
Results from the National Science Foundation I-Corps program ............................ 99	
Conclusions: Thermal Interface Materials ............................................................. 102	
Model for projecting revenues for 3 years post Phase II ......................................... 56	
 xi 
 
LIST OF FIGURES 
 Page 
Figure 1: Cellulose nanocrystals imaged by atomic force microscopy (AFM). ................ 3	
Figure 2: Energy consumed in the preparation of various fillers, polymeric resins, and 
metals. ................................................................................................................ 5	
Figure 3: Scanning electron micrographs of unstabilized CNCs (a), Boehmite clay 
(b), CTAB-stabilized CNCs (c) Boehmite-stabilized CNCs (d), CNC:Boe 
(e), and Boehmite-only microsphere (f) in epoxy.  All composites contain 
10 wt% of a given filler. ................................................................................... 13	
Figure 4: Tensile stress as a function of strain for neat epoxy, CTAB-stabilized 
CNCs, Boehmite only and Boe-stabilized CNCs.  All composites contain 10 
wt% of a given filler system. ............................................................................ 15	
Figure 5:  Schematic of nanocrystals (a), clay-coated nanocrystals (b), and behavior in 
the presence of crack-growth (CNC:Boehmite in upper crack and CNC-only 
in lower crack) (c). ........................................................................................... 16	
Figure 6: Tensile modulus (a), strength (b) and strain at break (c) as a function of 
solids concentration in epoxy. .......................................................................... 18	
Figure 7: Storage (a) and loss modulus (b) as a function of temperature for epoxy-
based composites. ............................................................................................. 20	
Figure 8: Schematic representation of two-step DETA-MA-CNC functionalization: 
neat MAPP (a) melt-mixed with DETA (b) creating DETA-functionalized 
MAPP (and water) (c); DETA:MA (d) added to CNCs (e) which forms a 
polymer-coated CNC, f). .................................................................................. 24	
Figure 9: Infrared spectroscopy of the DETA-MAPP-CNC functionalization; the 
effect of the MAH:NH2 ratio (a) and the effect of increasing CNC:MA 
concentration (b).  The 1:1 MAH:NH2 composite in (a) mixed at 1:10 
CNC:MA; samples for data in (b) loaded at 5 wt% CNC. ............................... 28	
Figure 10: Tensile stress (MPa) vs tensile strain (mm/mm) for DETA-MA-CNC 
composites showing the effect of MAH:NH2 ratio (a) and the effect of 
increasing MA particle coverage (b). ............................................................... 31	
Figure 11: Summary of mechanical properties as a function of CNC loading (wt%) 
(a) and (b); the effect of individual components of the chemistry (c) and (d).  
 xii 
 
Error bars represent ± one standard deviation, based on at least five 
measured specimens for each composition. ..................................................... 33	
Figure 12: Composite microstructure as a function of CNC and DETA-MA-CNC 
treatment.  Neat PP (a); PP with untreated CNCs (b); PP microstructure 
with 1:5 CNC:MA (c); PP microstructure with 1:10 CNC:MA (d). ................ 35	
Figure 13: Investment money as a function of an invention's position in the overall 
innovation process (a).  Major funding sources, research stage and overall 
position of the CN-polymer composites in this work (b). ................................ 37	
Figure 14: Instrument panel – target automotive part. ..................................................... 44	
Figure 15: Value chain for structural automotive interior parts. ..................................... 45	
Figure 16: US Market segmentation for nanocomposites (2013).84 ................................ 49	
Figure 17: Search for fundamental understanding vs Consideration for use.94 ............... 64	
Figure 18: Heat generation occurs in microelectronic and semiconductor devices and 
can lead to device inoperation and failure. ....................................................... 78	
Figure 19: Users of all types of devices are hindered when thermal mis-management 
causes device shut down. ................................................................................. 79	
Figure 20: Surface mismatch between thermal source and heat sink (Atomic Force 
Microscopy (AFM) surface contour shown). ................................................... 81	
Figure 21: Poor surface-surface contact leads to poor thermal conductivity. .................. 82	
Figure 22: Next generation Thermal Interface Materials. ............................................... 83	
Figure 23: Current Generation Thermal Interface Materials with corresponding 
thermal conductivities. ..................................................................................... 84	
Figure 24: Three step process to produce next-generation TIMs. ................................... 85	
Figure 25: Breakthrough TIMs must exhibit low elastic modulus and high thermal 
conductivity. ..................................................................................................... 86	
Figure 26: Innovation stage: Next generation Thermal Interface Materials. ................... 87	
Figure 27: The National Science Foundation I-Corps Program mandates customer 
discovery away from users who may be familiar with a technology under 
investigation. .................................................................................................... 94	
 xiii 
 
Figure 28: Typical customer archetype, a typical customer constraint (Moore’s Law) 
and example end-use applications for TIMs. ................................................... 95	
Figure 29: TIMs Development Timeline and Milestones. ............................................... 98	
Figure 30: End-user feedback was gained from technical groups across the United 
States. ............................................................................................................. 101	
Figure 31: Feedback from selected End Users. ............................................................. 102	
 
 xiv 
 
LIST OF TABLES 
 Page 
Table 1 - Stabilization Ratio Determined via DLS .......................................................... 10	
Table 2 - Raw Materials Cost Summary at Current and Projected Phase II 
Formulations ..................................................................................................... 40	
Table 3 - Competitive Summary Table - Automotive Structural Materials .................... 41	
Table 4 - Current Technologies Being Used and Their Shortcomings ............................ 43	
Table 5 - Milestones Summary Table .............................................................................. 53	
Table 6 - Technology Readiness Level Pertinent Position (selection from full DoD 
TRL) ................................................................................................................. 90	
Table 7 - Manufacturing Readiness Level with TIMs position highlighted (selection 
from full DoD MRL) ........................................................................................ 92	
  
 
 
 
 
 1 
 
CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
This effort merges technical contributions in the area of polymer composites with 
commercial pursuits of the same.   
Generally, nanoparticles, both organic and inorganic, offer great promise for a 
multitude of applications.1,2 In some instances, hybrid blending of organic and inorganic 
nanoparticles such as cellulose and silver have shown improved mechanical properties 
that are complementary.3 Characteristics such as a high surface-area-to-volume ratio, 
excellent purity, low density, good mechanical and/or transport properties normally 
accompany materials on this size scale.  Nanoscale fillers are often used to improve 
functionality of polymer composites, principle examples being nanoclay,4-6 carbon such 
as tubes7,8 and two-dimensional nanomaterials9,10 and polysaccharide materials (e.g., 
CNs).11,12  At particles with size on the true nanoscale, Brownian motion and surface 
interactions dominate such that significant effort must be made to influence particle 
behavior and to obtain particle assemblies which positively influence material 
properties.13  Despite this promise, challenges such as dispersion,14 interfacial 
adhesion,15 and bio-compatibility16 are present when nanoparticles are introduced into 
larger-scale systems.  To cope with these challenges, nanoparticles must be engineered 
at their surface to increase compatibility with their carrier (e.g.,  matrix if a 
nanocomposite application).  Polymer chains are often deployed to the surface, where 
they are either adsorbed electrostatically (physisorption) or tethered to the surface 
covalently.17  These polymer chains can be referred to as polymer brushes and are 
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applied to both organic and inorganic nanoparticles,1,18-20 for use both in 
nanocomposite21-24 and stimuli-responsive25-27 applications.  For macroscale composite 
materials to experience the significant mechanical improvements which are theoretically 
possible by the inclusion of highly stiff and strong nanoparticles, homogeneously 
dispersed nanoparticles are required.  For example, amphiphilic block copolymer 
nanocomposites demonstrate good dispersions, and rely primarily on self-assembled 
micelles.28,29  These micelles can nanocavitate in the presence of shear-strain which 
improves the strength and crack-growth resistance of macroscale bulk composites.30  
Electrostatic adsorption is another common mechanism by which dissimilar 
nanoparticles can form stable dispersions; for example, adsorption of nanoclay to carbon 
nanotubes has provided improved dispersion and subsequent macro-mechanical 
properties for epoxy composites.31 
Cellulosic nanomaterials (CNs), are derived from cellulose, the most abundant 
biopolymer on earth.14,15,32,33  CNs are excellent candidates for reinforcement of 
polymers because of their superb tensile strength and elastic modulus, exceeding that of 
carbon fiber.14  Cellulose-filled nanocomposites are potentially useful for automotive 
components,34 building construction products,35 and consumer goods.15  Cellulose 
nanocrystals (CNCs) are the highly ordered nano-scale crystals (sometimes called 
nanowhiskers)33,36 that remain once the amorphous regions are removed from 
nanofibrils, typically via acid hydrolysis.14,37  CNCs derived from woody-derived 
biomass are low density (1.6 g/cm3), highly crystalline (54–88%),14 and roughly 
rectangular with a moderate aspect ratio (typically 3–5 nm wide, 100-300 nm long).38  
3 
The present work utilizes CNCs of similar size and aspect ratio as determined by atomic 
force microscopy (AFM) (Figure 1). 
Figure 1: Cellulose nanocrystals imaged by atomic force microscopy (AFM). 
Often processed from Kraft pulp sourced from paper mill waste, CNCs are the 
fundamental building blocks of trees, grasses, and tunicates. Some work has investigated 
efficient methods to harvest directly from trees and biomass sources.39 Given their 
intrinsic hydrophilicity, a significant challenge facing CNC-reinforced polymer 
composites is interfacial adhesion between the cellulose particle and a polymer 
matrix.14,15  Achieving homogeneous CNC dispersion throughout the matrix is a related 
issue.14  When considering cost- and sustainability-motivations, cellulose nanocrystals 
are becoming known as energy-efficient and cost-effective with respect to the 
complexity of preparation of competitive fillers (e.g., carbon fibers or nanotubes, and 
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glass fibers).  Cellulose nanomaterials and conventional glass fibers require low amounts 
of energy to produce, at just over 2040 and 48 MJ/kg,41 respectively.  However, the 
stiffness and strength of glass fibers (86 and 4.6 GPa, respectively, for S-glass; 70 and 
2.8 GPa for E-glass)42 cannot compete with CNCs or carbon fibers.14,42  Stiffness and 
strength values for crystalline cellulose are typically 155 and 7.6 GPa, respectively.14  In 
part, because of their high crystallinity, CNCs are virtually defect-free compared to 
macro-cellulose materials (e.g., wood flours or wood-composite components).38  
Chemically, acid-dissolved nanocrystals are left with a strong negative surface charge of 
–45 ± 1.8 mV because of residual sulfate esters that remain as a product of the sulfuric 
acid treatment.5  De-protonation at neutral pH is responsible for the high surface charge, 
resulting in stable aqueous suspensions at loadings > 8 wt%.   
Cellulose nanocrystals are regarded as energy-efficient and cost-effective with 
respect to the complexity of preparation relative to competitive fillers.  Figure 2 shows 
the relative amount of energy required to prepare common fillers, matrix materials and 
metals. 
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Figure 2: Energy consumed in the preparation of various fillers, polymeric resins, and 
metals.  
 
 
At just over 48 MJ/kg, conventional glass fibers are among the most energy-
efficient reinforcement.41  Some nanoclays are also energy-competitive (at 40 MJ/kg)43 
and typically possess platelet structures that impart favorable mechanical properties.  
Some cellulose nanomaterials can be produced at just over 20 MJ/kg,40 which is the 
lowest energy of preparation of any known nano or conventional filler.  This low value 
is for woody biomass taken from raw feedstock that is logged, chipped, wet-cut milled, 
treated with hot-compressed water, then wet-disk milled (multiple passes).40  The 
cellulose nanofibers reported are 15–20 nm in diameter.  
Carbon fiber requires between 670–704 MJ/kg to prepare (from two different 
precursor materials, lignin, and polyacrylonitrile),44 cellulose nanowhiskers hydrolyzed 
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from cotton fibers require 1800 MJ/kg,43 and carbon nanotubes prepared via laser 
ablation require 8251 MJ/kg.45  Conventional matrix materials, to which these fillers are 
added, are also reported for comparison in Figure 2.  Polypropylene requires 97.8 
MJ/kg,40,41,45 whereas ABS and epoxy require 95.02 and 140.7 MJ/kg, respectively.41  
Aluminum and steel are also shown for comparison because they sometimes compete 
with polymer composites in structural applications.44,45 
Thermoplastics and thermoplastic composites are used widely in myriad of 
global markets.46,47  Polyolefins form an especially robust segment of this industry, 
comprising greater than 50% of the global thermoplastics market – itself a $109.3 bn 
market in the U.S.46,47  An increased focus on improving sustainability,48 as well as 
persistent economic pressures drive the need for continuous innovation in this space.49,50  
In addition to low material costs, highly automated processing equipment contributes to 
low cycle-times and labor requirements in the presence of a mature, global supplier 
base.46,47  Additionally, there are readily available mix-in technologies such as 
compatibilizers designed to enhance interfacial strength between various fillers and 
polymeric resins,51 and additives which improve filler dispersion.52 These have all 
contributed to propagate thermoplastic composites into applications with increasingly 
demanding specifications.   
  Stabilizers such as polymer brushes, surfactants or other molecules are often 
used to overcome the tendency of CNs to agglomerate (because of attractive Van der 
Waals forces) in low–polarity media such as polyolefin resins.  Coating of the particle or 
fibril surface by polymer chains can provide either a layer or a brush, depending on the 
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degree of polymer-chain-to-particle-surface conformation,17,53 improving strength and 
bonding at the particle-matrix interface.  For example, polyethylene glycol (PEG) has 
been grafted to the surface of cellulose nanofibrils.54  Electrostatic adsorption of a 
cationic surfactant, such as cetyltrimethylammonium bromide (CTAB), to the surface of 
CNCs has shown promise stabilizing dispersions in apolar solvents.55  Stabilization via 
polyethylene oxide (PEO) has also been reported to stabilize nanoparticles in solvent,33 
along with variety of other molecules, polymers, and clays.56-58  
On the approaches in this work 
 The bulk of the prior work in the field has been focused on improving the 
dispersion quality of CNs in a variety of media.  Although beneficial from an empirical 
and traditional standpoint, this common approach has left an opportunity to focus on 
preparation methods of nanocomposites with CNs incorporated, that are prepared using 
(1) environmentally friendly and (2) cost-effective schema.  The cellulose community 
will be well-served from applications of CNs that break previous cost barriers by 
competing with commodity plastic resins economically, and which are available for 
preparation in high-volume manufacturing (HVM) approaches.   
This work has therefore explored the quickest pathways to integrate cellulose 
nanomaterials into the marketplace and to do so by targeting commercial applications 
that hold promise for broad adoption from a variety of down-stream manufacturing 
practices, principle among which is injection molding (IM).  A secondary focus of this 
work was to explore the ability of CNs to strengthen epoxy composites with promising 
commercial applications in areas such as bulk composites, adhesives, and thin films.    
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CHAPTER II 
CELLULOSE NANOCRYSTALS AND BOEHMITE NANOCLAY IN EPOXY 
COMPOSITES* 
In the first study performed under the context of this broader work, cationic 
nanoclay and a common surfactant were used to stabilize cellulose nanocrystals in 
epoxy.  Nanoclay appeared to create physical interlocks at the epoxy-nanoclay interface, 
increasing the tensile strength and promoting overall crack resistance through the 
composite.  The epoxy resin and anhydride hardener system used here were selected to 
provide shorter, elevated-temperature cure times.  Epoxy systems with amine hardeners 
have been previously investigated with CNCs, but cure times have been in excess of 12 
hours.59,60  The approach taken in this work reduced the cure time to 4 hours and 
eliminated the use of organic solvent by combining the stabilized CNCs directly into the 
resin and utilizing lyophilization for water removal.  CNCs stabilized with nanoclay 
were shown to improve stiffness, strength and thermal stability, whereas maintaining 
elongation of this epoxy system.  The synergy of the CNC:nanoclay system is primarily 
because of increased mechanical interface between the polymer and the filler.  With clay 
acting as a green stabilizer for CNCs, this unique combination is very promising for 
improving epoxy thermomechanical behavior and reducing the environmental footprint 
of these nanocomposites.   
*	Reprinted with permission from  Synergy in epoxy nanocomposites with cellulose nanocrystals and 
Boehmite: Blake R. Teipel and Jaime Grunlan, Green Materials 2014 2:4, 222-231	
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Experimental 
Materials 
Cellulose nanocrystals were purchased from the Forest Products Laboratory 
(Madison, WI) as a 7.2 wt% aqueous suspension.  CTAB was purchased from Sigma 
Aldrich (Milwaukee, WI) and used as received.  Boehmite (Boe) nanoplatelets were 
provided by Esprix Technologies (Sarasota, FL) and used as received.  A diglycidol-
ether of bisphenol-A epoxy resin (D.E.R 383), with epoxide equivalent weight of 176–
183 g/eq, was provided by the Dow Chemical Company (Midland, MI).  Anhydride 
hardener (LS-81K) was provided by Lindau Chemicals (Columbia, SC).  Both epoxy 
components were used as received.   
Nanocomposite preparation  
Varying amounts of CTAB, Boe and CTAB+Boe were added to 20–mL aqueous 
suspensions containing 0.1 wt% CNC. A Malvern Instruments (Westborough, MA) 
Zetasizer Nano ZS90 was used to measure the zeta potential of the various mixtures.  
This technique was used to determine the amount of stabilizer required to achieve (or 
move toward) charge neutrality.  The Boehmite and CTAB+Boehmite stabilization ratios 
were also determined this way.  Table 1 summarizes the minimum stabilizer ratio 
possible to achieve charge neutrality, which is reflected as a near-zero zeta potential (ζ).  
Although the CNC:Boe ratio shown in Table 1 did not achieve complete charge 
neutrality, it effectively stabilized the CNCs and improved mechanical properties of the 
composites.  
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Table	1	-	Stabilization	Ratio	Determined	via	DLS	Recipe	 Mass Ratio ζ Avg  
(mV) 
ζ Std Dev 
(mV) Aqueous	CNC	 - –37 8.2 Aqueous	CTAB	 - +61 14 Aqueous	Boe	 - +40 9.8 CNC:CTAB	 8:1 –1.5 4.2 CNC:CTAB:Boe	 8:1:1 –10 4.1 CNC:Boe	 1:4 –19 4.8 
 
 
After addition of the stabilizer to the aqueous CNC suspension, unbound 
stabilizer was removed with three cycles of centrifugation, rinsing, and redispersion.  
Centrifugation was performed on 45–mL samples at 2500 rpm for 15 minutes.  The 
supernatant was then discarded, precipitated nanoparticles retained and fresh DI water 
was added (filling the vials again to 45 mL).  Redispersion was performed by stirring the 
mixture in the vials with an overhead mixer at 550 rpm, resulting in a uniform solution 
in 2–3 mins.  After three cycles, the supernatant zeta potential was measured to ensure 
the supernatant was charge-neutral, indicating removal of all unbound stabilizer.  The 
stabilized CNCs were then freeze-dried after mixing with 9 vol% t-butyl alcohol (to 
resist ice-crystal formation) in a tray-type freeze dryer for 96 hours.  The resulting dried 
cake was pulverized via roller-milling for between 1 and 8 hours.  Unstabilized CNCs 
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were also freeze-dried from aqueous suspension and roller-milled for 8 hours to achieve 
an appropriate powder consistency.  A dried cake of stabilized CNCs only required 
between 1 and 2 hours to achieve this consistency.   
The resulting stabilized CNC powders were added directly to D.E.R. 383 resin in 
a 100 mL glass beaker and stirred with a spatula at 85˚C for 5 minutes.  The mixture was 
tip-sonicated at 26W for 3–5 minutes with stirring.  Hardener:resin was then added at a 
0.87:1.0 ratio and the system was spatula-stirred for an additional 5 minutes.  The system 
was degassed in a vacuum oven for 20 minutes at 85˚C before being poured into an 
aluminum mold containing milled cavities of various ASTM test-specimen geometries.  
This mixture was cured for two hours at 85˚C, followed by two hours at 185˚C.  Five 
samples of each recipe were analyzed for statistical purposes.  Composites were filled 
with 2, 4, and 10 wt% (total solids) nanoparticles.  When CTAB was used its weight was 
neglected so the total filler content refers only to the percentage of CNCs, Boehmite or 
CNC+Boehmite.  The CNC loading was only 25 wt% of the total for the CNC:Boehmite 
composites.  Boehmite-only composites were made with 2, 4, and 10 wt% in order to 
compare to the CNC:Boehmite mixture.  For the composites containing CTAB, there 
was excess surfactant present in the solution (prior to centrifugation-rinse). The critical 
micelle concentration (CMC) of CTAB is above 0.05 M,32,61  but three cycles of 
centrifugation, rinse, and re-dispersion were successful in removing the unbound 
surfactant.  The lack of bubbles in the final composites, combined with the reduction of 
foam from the supernatant after the first and second centrifugation, suggests that the 
majority of excess CTAB was removed. 
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Results and discussion 
Composite microstructure 
Figure 3 shows micrographs of the fracture surfaces of tensile-test specimens.  In 
the composite containing untreated CNCs, several crystals can be seen in the fracture 
surface (Figure 3(a)).  It appears that the failure mode was particle-pull out, with the 
shape and morphology of the individual crystals matching that reported elsewhere.14,38  
Figure 3(b) shows Boehmite in epoxy, with both epoxy-only and Boehmite-rich regions 
visible. Epoxy has a glassy appearance, whereas the Boehmite-rich areas have a granular 
look.  The composite containing CTAB-stabilized CNCs seems to have failed at the 
epoxy-CTAB interface rather than the CTAB-CNC interface (Figure 3(c)).  Evidence for 
this is observed in the coarse morphology shown in the Figure 3(c) inset.  Strong 
electrostatic interactions are reported between CTAB and CNCs,55 which supports this 
assumption. 
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Figure 3: Scanning electron micrographs of unstabilized CNCs (a), Boehmite clay (b), 
CTAB-stabilized CNCs (c) Boehmite-stabilized CNCs (d), CNC:Boe (e), and Boehmite-
only microsphere (f) in epoxy.  All composites contain 10 wt% of a given filler. 
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Interestingly, the Boehmite in the Boehmite-only composites formed occasional 
spherical and microcapsule-like agglomerates in multiple places (Figure 3(b), (e) and 
(f)).  A possible explanation for this tendency to self-assemble is that in an effort to 
minimize surface area in contact with the hydrophobic resin, the hydrophilic nanoclay 
forms these thermodynamically favorable structures.  There are several examples of 
pickering emulsions of nanoclay and colloidal silica within apolar epoxy.19,62-64 This 
surface-energy-driven interfacial phenomenon could explain the tendency of the Boe to 
spread into bands, to increase surface area:volume ratio, as the presence of CNCs moves 
the mixture towards charge-neutrality within the resin. 
Composite mechanical behavior  
Five samples of each recipe were analyzed via tensile testing according to ASTM 
D638.  Figure 4 shows stress-strain plots for selected specimens containing 10 wt% 
nanoparticles (surfactant weight is neglected; the total filler content refers to the 
percentage of CNCs, Boehmite or CNC+Boehmite where applicable).  The 1:4 loading 
of CNC:Boe increases stiffness 56% over neat epoxy and 35% over unstabilized CNCs.  
There is significant synergy between the cellulose nanocrystals and the Boehmite.  The 
CNC:Boe composites are significantly stronger than composites containing only 
Boehmite.  Composites loaded with an 8:1:1 ratio of CNC:CTAB:Boehmite had 72% 
higher stiffness than neat epoxy and 49% over unstabilized CNCs, but the strength and 
elongation were diminished (relative to neat epoxy).  This behavior is likely caused by 
insufficient clay present to sufficiently coat the surface of the CNCs and form a 
roughened surface to which the polymer can more effectively cling.  The CTAB 
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modestly aids the dispersion of the CNCs, which improves the stiffness of the composite 
by creating an increased percolative-stress network.  Tensile strength of the composite is 
diminished, however, because of the lack of a good physical-interlock between the 
epoxy and the nanocrystal, created in and around a strongly bound nanoparticle-
nanocrystal system (e.g., the CNC:Boe system). 
 
 
Figure 4: Tensile stress as a function of strain for neat epoxy, CTAB-stabilized CNCs, 
Boehmite only and Boe-stabilized CNCs.  All composites contain 10 wt% of a given 
filler system. 
 
Figure 5 schematically illustrates a possible explanation for the increased 
strength observed for the 1:4 CNC:Boehmite-filled composites.  CNCs have a relatively 
smooth surface in the absence of clay (Figure 5 (a)).  With the addition of clay, a 
significantly rougher surface is produced because of electrostatic adsorption (Figure 5 
(b)).  The primary mechanism for increased strength and the maintenance of elongation 
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under load is mechanical in nature.  Figure 5 (c) illustrates that with clay adsorbed to the 
surface of the CNC (upper crack), the epoxy has a physical interlock that prevents crack 
widening.  Particle pullout and unhindered crack propagation occur without this physical 
interlock mechanism (lower crack).  This pullout was observed experimentally in Figure 
3(a). 
 
 
Figure 5:  Schematic of nanocrystals (a), clay-coated nanocrystals (b), and behavior in 
the presence of crack-growth (CNC:Boehmite in upper crack and CNC-only in lower 
crack) (c). 
 
Figure 6 shows modulus, strength and elongation for all composite systems 
studies here.  Error bars represent ± one standard deviation, based on five measured 
specimens for each composition   As expected, modulus increases with solids 
concentration (Figure 6 (a)), with the exception of CNC:Boe at 10 wt%.  Composites of 
this type had a slightly diminished stiffness at the higher loading (e.g., –1.4%), down 
from 3477 to 3428 MPa compared to 4 wt%.  There are filler loadings within epoxy 
composites beyond which there is no mechanical gain, where the saturation limit is 
reached and aggregation occurs.60  When agglomerated, nano-scale fillers approach the 
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micron-scale allowing easier crack propagation and decreased fracture toughness.60  The 
average strength decreases for every composite, as compared to neat, except for the 1:4 
CNC:Boe, for which the strength increases 23% from 61 to 75 MPa.  This composite 
increases the strength of the composite filled with untreated CNCs by 63%.  Strain at 
break was maintained at 3.0% for the 1:4 CNC:Boe composite as compared to neat, and 
notably the standard deviation decreased 50% to ± 0.21%, and decreased 55% from 
composites loaded at 2 wt% Boehmite.  Overall the standard deviations for modulus, 
strength and strain at break for the 1:4 CNC:Boe are the smallest for any of the 
composites tested in this work.   
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Figure 6: Tensile modulus (a), strength (b) and strain at break (c) as a function of solids 
concentration in epoxy. 
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Composite thermal behavior 
Dynamic tensile testing was conducted on three specimens of each composite 
recipe at 10% loading, (Figure 7).  The average storage modulus for the epoxy 
composites shows that the presence of CNCs does not impart significant mechanical 
improvement over neat epoxy below Tg.  This is commonly observed for CNC-loaded 
composites in their glassy state.57,65,66  The loss modulus did not change with the 
presence of CTAB-stabilized CNCs (i.e., there was no noticeable increase in Tg) or 
Boehmite.  The composite containing 1:4 CNC:Boe showed a 6.3% increase in Tg over 
neat epoxy, rising to 152°C.  Above Tg, the storage modulus of this composite improved 
by 96%, rising from 19 to 38 MPa.  The 8:1:1 CNC:CTAB:Boe improved the storage 
modulus by 110% to 41 MPa.  It is believed that the dispersion of the epoxy was 
improved by the presence of the CTAB, although the CTAB itself degraded above 
165°C.  The 8:1 CNC:CTAB composite showed the same initial storage modulus 
improvement that the CTAB:Boe recipe did, but quickly fell off above 168°C.  Nanoclay 
has been shown to thermally shield polymer nanocomposites in other work,4 making this 
a likely mechanism for the improved response of the 8:1:1 CNC:CTAB:Boe over the 
composites with no Boehmite.  Nanoclay is additionally thought to prevent intra-gallery 
interdiffusion of polymers,67 which contributes to a protective layer over the CNC (in the 
1:4 CNC:Boe specimens) and mechanically preventing hydrocarbon chain slip of the 
CTAB as temperature increases.  Overall, the increased stiffness of the epoxy because of 
electrostatically adsorbed clay, which creates physical interlocks on the surface of the 
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CNCs, shows improved thermo-mechanical behavior above Tg similar to that of 
stabilized CNCs in other studies.35,59,68 
  
Figure 7: Storage (a) and loss modulus (b) as a function of temperature for epoxy-based 
composites.  
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CHAPTER III  
CELLULOSE NANOCRYSTALS IN POLYPROPYLENE COMPOSITES 
In this study, focused on CNCs within thermoplastic matrices, CNC-
polypropylene (PP) nanocomposites are prepared and mechanically characterized.  
Given that good dispersion was desired with PP (the matrix), PP was used to 
functionalize the surface of the CNCs.  Diethylenetriamine (DETA) was used to modify 
the maleated anhydride side groups of the maleated-anhydride polypropylene (MAPP) 
by way of a condensation reaction (e.g., nitrogen in the DETA was substituted for the 
single-bond oxygen in the maleic anhydride).  The DETA-modified MAPP (MA) was 
then added to virgin PP and CNCs in these easily prepared nanocomposites.  The 
benefits to this study include the best known improvements to mechanical properties of 
solvent-free semicrystalline CNC-PP composites, offering promise for this commodity-
resin composite.  The reactions in this study occurred in an easily scalable high-shear 
mixing environment with no organic solvents.  The MA-CNC bond benefitted from 
increased particle-polymer interfacial strength owing to the formation of covalently 
linked CNC-MA, as evidenced from IR data and improved tensile strength.  The CNC 
dispersion was also improved by way of this treatment method as evidenced from the 
increase in mechanical properties and confirmed by scanning electron micrographs 
(SEM).  With the combination of mechanical improvements and the ease of fabrication 
of these DETA-CNC-MA composites, this study offers opportunity for improving 
nanocomposite performance whereas reducing the environmental footprint of high 
strength polymeric materials. 
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Experimental 
Materials 
Neat polypropylene homopolymer (PP) (Pro-fax 6323; Mn ~180,000, PDI ~0.5) 
manufactured by Lyondell Basell was used as received.  Maleated-anhydride 
polypropylene (MAPP) (SCONA TPPP 8112 GA; Mn ~75,000, PDI ~0.8) with a 1.4 
wt% maleic acid group (MAH) concentration was purchased from BYK Additives and 
Instruments (Wallingford, CT) and modified as discussed.  Diethylenetriamine (DETA) 
and tetrahydrafuran (THF) were purchased from Sigma Aldrich (Milwaukee, WI) and 
used as received.  Lignin-coated cellulose nanocrystals were purchased from American 
Process Inc. (Atlanta, GA) and used as received.  The size distribution that has been 
reported elsewhere for woody-biomass derived CNCs prepared by acid hydrolysis is 
100–300 nm × 3–5 nm; there are CNCs in the micron-length scales reportedly derived 
from tunicates, though generic-biomass derived nanocrystals were used for this 
study.38,69,70     
Polymer functionalization  
The lignin-coated CNCs (CNC-L) were supplied as a very fine powder and were 
prepared as described in detail elsewhere.71  Briefly, biomass waste was added to a batch 
reactor and treated with sulfur dioxide, ethanol, and water to fractionate the cellulose 
from other materials.  Excess lignin, hemicellulose, and proteins were removed by 
mechanical treatments. The cellulose was unbleached, which retained lignin and 
increased overall hydrophobicity.  The resultant CNC-Ls, were supplied in spray-dried 
powder and used as-received.  DETA is a viscous liquid that was introduced into the 
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MAPP for this study by way of syringe pump.  Figure 8 schematically illustrates the 
experimental process along with a possible reaction scheme.  The CNC-PP composites 
were fabricated in two steps: (1) varying amounts of DETA were introduced into melted 
MAPP (Figure 8(a) and (b)) forming DETA-functionalized MAPP (MA) (Figure 8(c)) 
which was then cooled and pelletized.  In step (2): MA (Figure 8(d)) was mixed with 
varying amounts of freeze-dried, powderized CNCs (Figure 8(e)) and neat PP, and 
subsequently melt-compounded (Figure 8(f)).  The polymer melt was mixed in a high-
shear environment (Krauss Maffei-Berstorff ZE 25A twin-screw extruder, Krauss 
Maffei-Berstorff GmbH, Hanover, Germany), forming MA-functionalized CNC-PP 
(MA-CNC-PP) composites.   
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Figure 8: Schematic representation of two-step DETA-MA-CNC functionalization: neat 
MAPP (a) melt-mixed with DETA (b) creating DETA-functionalized MAPP (and water) 
(c); DETA:MA (d) added to CNCs (e) which forms a polymer-coated CNC, f). 
 
For Step 1 there were four principle mix ratios of maleic-acid to amine groups 
(MAH:NH2) which were tested to determine both a process-capable mix (e.g., a mixture 
which would produce a coherent, continuous strand which could be used in subsequent 
steps) and a trend in which the benefits of the presence of amine groups to the overall 
composite could be determined.  The mix ratios were 2:1 MAH:NH2, 1:1 MAH:NH2, 
1:2 MAH:NH2, and 1:3 MAH:NH2 (MA).  The reaction progressed in the barrel of the 
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melt-compounder at 200°C.  For Step 2, there were five principle mix ratios of MA to 
CNCs which were mixed with neat PP.  These mix ratios were selected in order to 
discern which were more likely to completely cover the CNCs with the MA.  The mix 
ratios were 1:2, 1:5, 1:9, 1:10, and 1:19 CNC:MA.  This secondary step was carried out 
in the same high-shear mixer.  Composite pellets were then injection molded in a 55-ton 
molding machine to produce various geometries suitable for mechanical 
characterization.  
NH2 ó MAH reaction characterization 
Prior to performing reaction-extrusion, various MAH:NH2 recipes were prepared 
in a batch-reaction method.  In a fume hood, 200 g of each recipe was prepared in THF   
to prove reaction progression.  The mixtures were heated at 85°C and stirred vigorously 
with a spatula for 14 hours. The THF was then decanted off and the precipitate powder 
was dried and analyzed by an IR Prestige21 infrared spectrometer from (Shimadzu 
Corporation, Kyoto, Japan) which performed Fourier-Transform Infrared Spectroscopy 
(FTIR).  Once suitable MAH:NH2 ratios were selected, these recipes were fabricated 
without solvents in the melt-compounder.  Subsequent to melt-compounding, a 
composite pellet from each recipe was heated and pressed into a thin-film, 
approximately 100 µm thick, and analyzed by FTIR to confirm that a similar extent of 
reaction occurred in the high-shear environment.  
Composite mechanical characterization 
Tensile tests were performed according to ASTM D638 on an Instron Model 
3345 load frame with a 5-kN load cell per ASTM D638 with a crosshead speed of 5.0 
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mm/min.  At least five specimens of each sample recipe were analyzed at each CNC 
loading (1, 2, and 5 wt%).  Specimen dimensions were taken prior to the tensile tests 
with a Mitutoyo (Aurora, IL) digital micrometer, with 1 µm accuracy.  The specimens 
were tested as injected, pulled from a highly polished hardened-steel mold.  Scanning 
electron microscopy (SEM) was performed using a JEOL JSM-7500F (Peabody, MA) 
cold emission microscope on representative fracture surfaces from the 5 wt% tensile-test 
bars. 
Results and discussion 
Reaction: DETA-MA-CNC composites  
Unlike water-soluble polymer systems that have been studied elsewhere,14,15,72  
PP and CNCs are not intrinsically compatible. However, the reaction between amine 
groups and maleic acids is well-known and thermodynamically favorable. Primary 
amines will seek to cleave the single-bond oxygen from the carbonyl carbon, forming an 
imide group or two amides with secondary and/or primary amines.   
Phenomenologically it is clear that the mechanical properties of the resultant 
composites are greatly improved.  Comparative FTIR spectra for the recipes with the 
most successful mechanical property improvements are shown in Figure 9(a) and (b).  
There is a substitutionary condensation reaction between the amine groups on the DETA 
and the cyclic anhydride side groups on the PP (Figure 9(a)).  In the case of this study, 
both primary and secondary amines are present in the DETA.  These seek to cleave the 
oxygen from the cyclic anhydride – particularly the primary amines at the end of the 
DETA chains – forming amide- and imide-groups on the PP backbone.  There is also a 
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chance of crosslink formation by way of both intra-chain linkages and inter-chain 
linkages.73  In Figure 9(a), MAPP is shown, with peaks present at 1850, 1780 and 1720 
cm–1, characteristic of cyclic anhydride groups.74  The cyclic anhydride groups diminish 
almost entirely in the presence of the amine: specifically, the peak at 1850 cm–1 
disappears entirely.  The sharp peak at 1780 cm–1 is attributed to anhydride carbonyl 
stretching and reduces to a short, broad peak with shoulders at 1770 and 1750 cm-1.  
The peak at 1770 cm–1 is attributed to imide carbonyl stretching: the shift from the 
transmittance at 1780 to 1770 cm–1 (anhydride to imide) is a key indicator for this 
reaction.  The peak at 1720 cm–1 is eliminated entirely.  The formation of the strong 
peak in the 1:1 MAH:NH2 trace (Figure 9(a)) at 1700 cm-1 is attributed to stretching of 
the carbonyl groups in the carboxylic acids, and the formation of the peaks at 1580 and 
1540 cm–1 are attributed to secondary amides, which help to indicate the possibility of 
crosslinking, because secondary amides with their available hydrogen atoms are more 
likely to be present in a crosslinked structure than primary amides. 
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Figure 9: Infrared spectroscopy of the DETA-MAPP-CNC functionalization; the effect 
of the MAH:NH2 ratio (a) and the effect of increasing CNC:MA concentration (b).  The 
1:1 MAH:NH2 composite in (a) mixed at 1:10 CNC:MA; samples for data in (b) loaded 
at 5 wt% CNC. 
 
The samples for Figure 9(b) were loaded at 5 wt% CNC, and here the 
comparative effect of increased particle coverage is shown.  The 1:10 CNC:MA trace is 
the same data from Figure 9(a) and repeated here for ease of comparison.  As the 
coverage of the particle increases from 1:10 CNC:MA to 1:19 CNC:MA, the broad peak 
at 1770 and 1750 cm–1 sharpens into a strong peak at 1770 cm–1 (the 1:19 CNC:MA 
sample), indicating increased imide presence in the composite.  Additionally, the 
carbonyl stretching (1700 cm–1) is much more prevalent in the 1:19 CNC:MA 
composite indicating more out-of-plane motion, most likely because of increased steric 
hindrance from the formation of covalent linkages between the imides, amides, and 
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former OH groups on the surface of the cellulose particles.  Finally, the slight sharpening 
of the peaks at 1540 cm–1 and 1580 cm–1 (Figure 9(b)) are evidence of greater amide 
presence, which can be attributed to a higher degree of crosslinking.  This recipe had the 
highest improvements in tensile strength and modulus for composites loaded at 2 wt% 
(Figure 10(b)).  Increases in tensile strength, in particular, are more easily obtained by 
the presence of covalent linkages; increased crosslinking would also contribute to the 
explanation of this phenomena.    
Composite mechanical behavior  
Five samples of each recipe were analyzed via tensile testing according to ASTM 
D638.  Figure 3 shows stress-strain plots for representative specimens containing 5 wt% 
nanoparticles (Figure 10 (a)) and 2 wt% nanoparticles (Figure 10 (b)).  The tensile 
curves in Figure 10 (a) were taken from samples mixed at 1:10 CNC:MA ratio, and 
indicate the increase in tensile strength and elastic modulus as increasing amines are 
introduced to the MAPP.  Importantly, overall ductility in the polymer is maintained at > 
10% strain-to-failure, substantiating the value of the chemical functionalization (e.g., if 
there were no benefit to the chemistry, the presence of the highly crystalline nanoparticle 
would increase modulus to the detriment of both ultimate tensile strength and percent 
elongation).  The 1:3 MAH:NH2 presented the highest tensile strength and modulus at 2 
wt% loading (Figure 10(a)) but did not replicate this behavior at higher CNC loadings as 
did the 1:1 MAH:NH2 or 1:2 MAH:NH2 recipes.  This could be caused by increased 
(excess) unbonded DETA, acting as plasticizer, weakening the melt in these recipes.  
Figure 10(b) illustrates the improvement in mechanical behavior as the CNCs are more 
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completely coated with functionalized MA, relative to non-functionalized PP.  The 
CNCs for these samples were mixed with CNC:MA functionalized at 1:1 MAH:NH2 
ratio, which offered the highest repeatability at all CNC loadings (though second-highest 
overall strength and modulus improvements) to the 1:2 MAH:NH2 recipes shown in 
Figure 10(a).  The 1:1 MAH:NH2 composites had consistent morphology and bulk 
composite characteristics ensuring facile handling and production.  As the particle 
coverage increases the ultimate tensile strength and elastic modulus are both increased 
concurrently and this trend is supported by behavior at the other nanoparticle loadings 
(e.g., with both 2 wt% and 5 wt% CNCs the mechanical properties of the composite 
increase both with increasing NH2 and more complete particle coverage).  This behavior 
is likely caused by the presence of increased covalent linkages, increased cross-linking 
and greater opportunity for electrostatic interactions at the particle-polymer interface. A 
related effect derives from increased inter-chain hydrogen bonding as there is a higher 
quantity of hydrogen-oxygen interactions because of increased imide/amide presence.  
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Figure 10: Tensile stress (MPa) vs tensile strain (mm/mm) for DETA-MA-CNC 
composites showing the effect of MAH:NH2 ratio (a) and the effect of increasing MA 
particle coverage (b).  
 
Figure 11 illustrates the modulus and tensile strength values for the composites in 
this study.  Values are shown for neat PP (horizontal reference in each plot) followed by 
composites loaded with 1, 2, and 5 wt% nanocrystals (Figure 11(a) and (b)).  Error bars 
represent ± 1 standard deviation. Figure 11(a) and (b) present the average tensile 
modulus and tensile strength of 1:10 CNC:MA composites, fabricated from 1:1 
MAH:NH2 polymer which offered the greatest repeatability.  The elastic modulus 
increased slightly with increasing amounts of CNCs in the absence of MA (Figure 
11(a)).  Dramatic increases in stiffness are exhibited when the CNCs are present with 
MA chemistry (Figure 11(a)) as the elastic modulus increases 74% (from 895 to 1570 
MPa).  The effect of the chemistry described in this study is evident from these figures, 
particularly for the tensile strength values, which increase by 32% (from 25.0 to 33.0 
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MPa) at 5.5% strain for the 1:10 CNC:MA composites (PP+Untreated CNCs in Figure 
11(b)).  The lack of helpful chemistry is evident from the decrease in tensile strength as 
additional nanoparticles are added in the absence of the MA chemistry (Figure 11(b)).  It 
is common for stiff particles to increase the stiffness of polymeric composites75 but 
without enhancing interfacial adhesion, stiff particles can hurt tensile strength. Modest 
tensile strength improvements have been reported at low loadings of CNCs (< 5 wt%) as 
a result of increased crystallinity,76-78  but higher loadings of CNCs actually show 
decreased tensile strength.72 The higher loadings of agglomerated cellulose combined 
with a weak polymer-particle interface form greater stress concentrations to the 
detriment of composite performance. Polymer-particle interfacial adhesion is necessary 
for improving tensile strength and achieved most effectively by way of covalent 
linkages.  Figure 11(c) and (d) describe the effect on the composite when one component 
of the recipe is removed, as neat PP is plotted along with various composites at differing 
MA particle coverage ratios (1:2, 1:5, and, 1:10 CNC:MA addition ratios).  The tensile 
strength for composites with 5% CNCs + MA 1:1 MAH:NH2 is shown in Figure 11(c) 
and compared against the tensile modulus of PP-MAPP co-polymers (MAPP) and with 
1:10 CNC-MAPP-PP composites (e.g., composites fabricated with no DETA).  The 
processing parameters were kept consistent between the runs, for example the MAPP 
was melt-compounded with neat PP in the first step, cooled and pelletized, and the 
CNCs were added in a second compounding step to impart consistent heat-histories to 
the composites.  The tensile strength is shown analogously in Figure 11(d).   
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Figure 11: Summary of mechanical properties as a function of CNC loading (wt%) (a) 
and (b); the effect of individual components of the chemistry (c) and (d).  Error bars 
represent ± one standard deviation, based on at least five measured specimens for each 
composition. 
 
Regarding the PP:MAPP composites, given the differing molecular weights and 
degree of branching between neat PP and MAPP it was critical to investigate the effect 
of simply co-extruding the two polymers together.  As expected there was a very modest 
effect on mechanical properties overall, and the increases seen can be explained by the 
higher molecular weight of the MAPP.  Regarding the CNC+MAPP composites, the 
1:10 CNC-MA 1:1 MAH:NH2 composites are shown as those gave the highest 
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repeatability.  The moderate mechanical property improvements which result solely from 
the addition of the MAPP are most likely caused by the secondary interactions with the 
OH- groups on the CNCs and the cyclic anhydride groups on the MAPP.  These produce 
particle-polymer interactions of lower bond-strength than the covalent bonds and the 
cross-links formed from the primary and secondary amides and the imide groups in the 
DETA-MA-CNC composites.  
Composite microstructure 
Figure 12 shows scanning electron micrographs of the fracture surfaces of 
tensile-test specimens. Figure 12(a) shows the microstructure of unfilled PP, Figure 
12(b) shows the fracture surface with untreated CNCs in PP. Figure 12(c) and (d) show 
the evolution of the microstructure as levels of NH2 are increased.  In the composite 
containing untreated CNCs, PP-rich/CNC-poor regions are evident as regions of 
agglomerated CNCs are clearly visible (Figure 12(b)). This is consistent with other 
works that have investigated CNC-PP composites.78,79  The PP surface appears glassy, 
whereas the CNC-rich areas have a more granular morphology.  Additionally, multiple 
crystals can be seen in the fracture surface (Figure 12(b) inset).  It appears that the 
failure mode was particle pull-out, with the shape and morphology of the individual 
crystals matching that reported elsewhere.14,38,78,79  Figure 12(c) shows the composite 
with 1:5 CNC:MA and Figure 12(d) shows the composite with 1:10 CNC:MA.  The 
amine functionality has a direct effect on the microstructure of the composite, with 
individual nanoparticles no longer distinguishable.  The morphology of the failures for 
the composites with increased amine content is more ductile in nature, as evidenced by 
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out-of-focus regions in the deeper field of view (e.g., there is a greater portion of the 
micrograph that is out-of-focus indicative of increased ductility in the failure). The 
composite containing untreated CNCs appears to have failed at the particle-polymer 
interface whereas the composites which have been treated with DETA appear to have 
failed at the polymer-polymer interface.  Evidence for this is observed in the fibrillar 
morphology shown in the Figure 12(c) and (d) insets.   
 
 
Figure 12: Composite microstructure as a function of CNC and DETA-MA-CNC 
treatment.  Neat PP (a); PP with untreated CNCs (b); PP microstructure with 1:5 
CNC:MA (c); PP microstructure with 1:10 CNC:MA (d). 
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CHAPTER IV  
CELLULOSE NANOMATERIALS IN THE MARKETPLACE 
Given the efforts and results of the work reported thus far, it follows that pre-
commercial technology such as nanocellulose-polymer composites require scientific 
investigation and the investment of time and effort to be brought from an idea to 
commercial application.  This investment comes in stages and as time progresses, the 
initial waves of financial support, normally awarded from federal funding agencies, 
begin to fade away as solutions are found to early stage problems.  Figure 13 illustrates 
the typical investment pathway of a new invention.80  As the efficacy of a given idea is 
unknown at the start of exploration of same, the dedication of resources to the pursuit is 
always high-risk, so much so, that industrial and private parties typically shy away from 
these types of pursuits.  Academic and other public research institutions are perfectly 
equipped to perform the early stage (fundamental) research needed to answer the early 
questions posed.  If the solutions found prove technically effective, the idea moves into 
an applied research phase, and this work may still be too early stage to be funded by 
existing commercial ventures.  Therefore, there is often a new venture that forms to take 
the invention through the remaining development phases and into commercial launch.  
Normally, a new venture is formed at the tail end of the first wave, and the activities 
typically performed in the so-called “Valley of Death” (i.e., the gap between the first and 
second waves) include prototypes, validation builds, alpha- and beta-testing and initial 
scale-up work as required to fabricate repeatable instances of the solution produced in 
the laboratory.   
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Figure 13: Investment money as a function of an invention's position in the overall 
innovation process (a).  Major funding sources, research stage and overall position of the 
CN-polymer composites in this work (b). 
 
One of the principle tenets of the approaches taken with the current work is a 
keen focus on the commercial marketplace for hierarchically higher-ordered devices 
incorporating CNs and, in particular, bulk composites.  Bulk composites are significantly 
different from thin-film composites in that the thickness of the fabricated device is 
(a) 
(b) 
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usually of the same length scale as the other physical dimensions of the device. There is 
not yet any commercial bulk composite within which CNs have successfully been 
incorporated.  Therefore, it is of critical import to the cellulose community from an 
adoption standpoint that a market presence establish in order to fund additional areas of 
research and development, pulling new inventions to the fore.  
Potential uses for composites with CNs 
An example end-use case for the high-volume manufacturing (HVM)-focused 
approaches applied in this work is in the application of CNs in polymer composites for 
the automotive industry.  The automotive industry is motivated to adopt new, lighter 
weight materials for use in all vehicles because of stringent CAFE fuel economy 
standards for future vehicles.  Typical vehicle curb weights have grown over the past 
several decades as increasing safety equipment, larger engines and chassis dimensions 
have all become more mainstream. Vehicle weight reduction has been identified as a key 
enabling factor to reaching future stringent fuel economy requirements.  The materials 
most commonly considered as candidates for light-weighting in automobiles are carbon 
fiber composites, short- and long-glass fiber composites, aluminum and 
aluminum/magnesium alloys. All of these materials have found uses (or potential uses) 
in the vehicle, but they are typically significantly more expensive than the parts they are 
intended to replace. Additionally, especially in the case of carbon fiber composites, the 
processes used to manufacture these parts are low-volume, time/resource-intensive 
processes that are difficult to scale economically. The approaches highlighted in the CN 
composites developed in this work are attractive to the current market because these 
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composites utilize existing high-volume manufacturing processes such as melt-
compounding and injection molding, whereas providing components with improved 
mechanical performance and lower density. For instance, automotive components are 
often fabricated from polypropylene matrix loaded with 20% short glass fibers. Two 
additional advantages to automotive components manufactured with the HVM approach 
utilized in this work are (1) significantly longer tooling life due to lower abrasion and (2) 
lower equipment operating costs because of lower viscosity of the injected polymer 
composite, both as compared to legacy, glass-filled polypropylene composites.  
Scale up plans 
Bulk composite samples for this work were fabricated on a 25-mm twin-screw 
co-rotating extruder, with a 46:1 length:diameter (L:D) ratio.  Thermoplastic extruders 
with analogous L:D ratios are common throughout the automotive industry, with barrel 
diameters of up to 96 mm.  The material throughput rates on these machines exceed 700 
lb/hr, meaning the annual production rates are on the million lb scale.  The production 
methods utilized throughout this work are so-called ‘drop-in’ preparation methods, 
meaning the material feed techniques apply to larger machines and the material mix 
ratios scale linearly with machine throughput. 
Cost analysis: Raw material supply and pricing 
The volume and cost projections for raw materials is given in Table 2. Mature 
costing for raw materials is expected to be approximately $1.37/lb. Projected costing for 
raw materials is approximately $1.09/lb based on improved formulation optimization. As 
shown in Table 2, the largest cost component for the composite is the MAPP. This 
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provides the cost motivation to improve the efficiency of the interaction of the MAPP-
Amine with the nanocellulose.  
 
Table 2 - Raw Materials Cost Summary at Current and Projected Phase II Formulations 
 
 
Competing technologies 
There are multiple companies supplying myriad components to the automotive 
industry, and each seeks to address the need for more fuel-efficient vehicles. Direct 
competition includes manufacturers offering lightweight performance materials such as 
other-reinforced plastic composites: cellulose and other natural fibers, chopped glass 
fiber, and chopped carbon fiber. Indirect competition includes those making parts from 
aluminum and high-strength steel (HSS). These materials cost more and have a higher 
density than CNCs, and though mechanical properties are strong, the former two allow 
space for innovation of new CN-focused materials such as the composites highlighted in 
this current work.  
Table 3 reflects the cost and competitive advantage of cellulose nanocomposites 
(top row) in comparison to other materials listed. 
Raw Materials Current Projected
Item Wt%** Wt%**
PP Resin Matrix 0.90$         /lb 70% 85%
Nanocellulose* 1.00$         /lb 5% 5%
M.A. 2.74$         /lb 25% 10%
Amine 0.24$      /lb -
MAPP 2.50$      /lb -
$1.37 / lb $1.09 / lbTotal
Cost
* Mature Pricing from Commercial Plant (Q1 2018)
** Potential Composite Formulation
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Table 3 - Competitive Summary Table - Automotive Structural Materials 
 
 
“Valley of Death” commercialization plan   
To move this work from early stage laboratories to the commercial marketplace, 
partnership with an existing startup venture was employed.  Essentium Materials (EM) 
specializes in developing material technologies that are stronger, cost less, and are faster 
to produce than chopped glass fiber composites. Sourced from 100% pure nano-scale, 
crystalline cellulose, EM has a solid, patent-pending process to make sustainable 
nanocellulose-reinforced composites that significantly reduce the weight of structural 
automotive components. The initial commercial product under development from this 
work is an injection grade, nanocellulose-reinforced polymer-composite pellet for the 
automotive industry, followed by other customers served by the global glass and 
chopped carbon fiber composites industry. 
 
Provider Product Name Mech. Properties
Final Part 
Weight Processability
Sustainability / 
Environmental 
Impact
Availability
Essentium Materials Axium Nano* $1.25 - 3.50 ** /lb***
Weyerhaeuser THRIVE composites
LyondellBassell Hostacom
Owens Corning NORYL PPX
Dupont Zytel HTN
Celanese Celanese
Toray (Zoltek) Panex
Teijin Limited Tenax
General Motors
Flex-N-Gate
Toyota
* Trade name still pending
** Pricing given in ranges for several reasons, primarily due to different resin matrix systems
*** Average mature pricing estimates, see Financials Section (4.4) for more information
Fu
tu
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ot
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l 
Co
m
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n
Chopped Carbon Fiber Composites
Chopped Glass Fiber Composites
Cellulose & Natural Composites
unavailable
$5 - 10 /lb
Price
$1.05 - 3.50 /lbCu
rr
en
t 
Co
m
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n
Metal (Steel, Aluminum)
$2 - 12 /lb
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Customer analysis 
Customer need 
The single greatest factor influencing new technology development for 
automakers is regulatory pressure to improve fuel efficiency of their vehicles. By 2025, 
automakers are expected to increase the fuel efficiency of their cars and light trucks to an 
average 54.5 mi/gallon.81  The push to ‘lightweight’ vehicles is therefore stronger than 
ever, with automakers looking to shave hundreds of pounds off of every car. An obvious 
strategy to help achieve this is via weight reduction, because it has been shown that 
every 10% reduction in vehicle weight can cut fuel consumption by about 7%, resulting 
in CO2 savings of 25.3 kg for every kilogram of weight reduced over the vehicle 
lifetime. Whereas design plays an important role in this strategy, materials selection is 
arguably more significant. Additionally, there are other potential threats to incumbent 
structural materials. The world price of steel is expected to continue to increase with the 
increasing price of crude oil, squeezing commercial margins for metal-stamped parts.82 
Nanocellulose composites developed in this work are 10% lighter than 
mechanically similar glass-fiber composites. These products contain only 5% 
nanocellulose, compared to 20% loaded glass fiber composites. 
Current solutions 
Although there are competitive materials designed to meet some of the light-
weighting demands (carbon-fiber composites, glass-fiber composites, and metals like 
aluminum), the materials and/or their manufacturing processes often come at a much 
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higher price, with considerable environmental drawbacks. Table 4 shows incumbent and 
current solutions for structural interior parts and their shortcomings.  
 
Table 4 - Current Technologies Being Used and Their Shortcomings 
Current Material/Technology Cons 
Aluminum / other Metals Heavy, high manufacturing costs 
Short glass fiber composites Heavy, abrasive on manufacturing equipment and 
tooling  
Long glass fiber composites Heavy, abrasive on mfg equip and tooling, difficult 
to manufacture because of high viscosity 
Chopped carbon fiber composites 
High materials cost, abrasive on mfg equip and 
tooling, difficult to manufacture, energy intensive 
processes 
 
 
Today’s high-performance and lightweight materials come at a higher price than 
the projected mature costs of CNs. Carbon fiber composites are both expensive to 
procure and have long cycle times during fabrication. One automaker which is making 
significant investment in the renewable materials space is Ford Motor Company (Ford).  
Ford exhibited interest and, as mentioned in the Acknowledgements, contributed 
significant research funding to this work.  EM is a registered supplier to Ford providing 
technology innovation and development. Specifically, EM has conducted more than two 
years of sponsored research in conjunction with a joint development agreement (JDA) 
with Ford.   
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Further discussion detailing the efforts leveled to date between EM and Ford, as 
an example of the commercialization process for CN-polymer composites, are provided. 
From the time of this writing, Ford is hoping to launch initial parts in the next 
12–18 months for a thin-walled structural instrument panel bracket part. General Motors 
(GM) is also investing research dollars into this technology with university institutions.  
GM may become a second early adopter of this technology should commercial scale-up 
prove successful. 
 
 
Figure 14: Instrument panel – target automotive part. 
 
The initial target application is structural automotive thin-walled parts such as 
instrument panels (IPs) that have a high strength and stiffness (Figure 14).  
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Industry overview & customers 
Industry structure & value chain 
The initial product offering of CN-polymer composites fits most nearly within 
the plastics for structural automotive interior parts fits within the Motor Vehicle and 
Interior Trim Manufacturing (NAICS code 336360) submarket. To facilitate production 
of the proprietary blends discovered through this work, EM has secured an agreement to 
cost-effectively lease compounding equipment line time from GDC, a current Tier 1 
supplier to Ford and other automakers. Once the technology is validated through 
temporary usage of the production line, a potential revenue pathway out of the “Valley 
of Death” would be to license the technology to GDC and/or other Tier 1 suppliers. A 
summary of the value chain for automotive interior and trim parts is given in Figure 15. 
 
 
Figure 15: Value chain for structural automotive interior parts. 
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Figure 15 illustrates a potential commercial value stream for the CN-polymer 
composites developed in this work, showing delineations for supply Tiers 1–3 and 
original equipment manufacturers (OEMs). In addition to EM, there are other companies 
in North America that are actively scaling production of NCs. For instance, American 
Process, Inc. (API) has demonstrated cost-effective NC supply, some of which was used 
for this work.  
Sales channels 
GDC currently sells products primarily through an automotive sales rep 
company, RWP Kinsale. RWP Kinsale has strong relationships throughout the 
automotive ecosystem. There are other potential options through Ford’s network of 
partners (especially for the revenue-from-licensing option), but this would offer the least 
barriers to entry and most straightforward starting point for getting parts to our 
immediate targeted customers. 
Market analysis 
Market definition 
The global nanocomposites market is a very rapidly growing technology 
industry. Although nanocomposites have been used commercially since Toyota first 
introduced nanoclay into polymer composites in the 1980s, recent advances in the ability 
to characterize and manufacture nanocomposites have opened the door to many new 
applications. Nanocomposites are now finding uses in a wide range of automotive 
applications, because of their ability to significantly enhance many different properties 
such as: tensile strength, modulus, heat distortion temperature, color/transparency, 
 47 
 
conductivity, flame retardancy, barrier properties, magnetic properties, and anticorrosive 
properties.  
The automotive market segment is a good candidate for commercialization of 
this work for several key reasons: 
1. The industry must light-weight its vehicles, and high-performance nanomaterials, 
which are easy to manufacture, have enormous potential to meet this need. 
2. EM has previous successes with composite materials in the automotive industry 
with multiple industry partners to help lower the barriers to entry for new 
materials. 
3. Current “state-of-the-art” light-weighting materials (glass-reinforced composites, 
carbon-fiber composites) have long production cycle time, high cost, and are 
difficult to manufacture. EM’s nanocomposites are cost competitive and easy to 
manufacture. 
 
Market size 
At the time of this writing, the nanocomposites market applications are highest 
for automotive parts, packaging, and electronics, with market shares of 51.4%, 22.5%, 
and 13.8%, respectively. The estimated total domestic nanocomposites market was $1.2 
B in 2013. The automotive parts sub-market was $617 M in 2013.83   
The served available market (SAM) size was calculated using a bottom-up 
approach looking at recent trends within the automotive industry in the United States and 
the market growth of nanocomposites as a whole. The number of light vehicles in the 
United States is expected to grow steadily over the next decade, with sales estimates 
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reaching 17.4 million by 2017, up from 16.4 million in 2014. Global sales are similarly 
forecasted upward, with China leading the way with large growth potential.84 There have 
been an average of 330–380 pounds of plastics and plastics composites in North 
American light vehicles each year since 2003, and that number is expected to continue to 
grow, especially as higher performance materials become more available and more 
affordable and can replace heavier metal parts. Calculations for this work used an 
average of 350 pounds of plastics per vehicle, where initially 15% (~53 lb) of those were 
suitable for this CN-polymer technology (it is estimated that around 110–120 pounds per 
vehicle are PP, PA, and their composites, so it is estimated less than 1/2 of PP and PA 
applications would be applicable). By 2020, it is estimated that as much as 30% of the 
plastic in the vehicle could be potential nanocomposite applications. These numbers 
agree with the global nanomaterials market study that estimates the automotive 
nanocomposite market was ~$617 M in 2013 and could be as high as $1.7 B by 
2019.85,84 Initial product offerings are domestic, but OEMs (including Ford) have made 
global standardization of materials a priority, and would eventually seek to propagate 
this material globally. 
Research shows that the global nanocomposites market is expected to grow to 
$4.2 B (USD) by 2019, with a five-year combined annual growth rate (CAGR) of 24%. 
The global volume for nanocomposites is expected to reach 1.5 billion pounds by 2017, 
and growth is expected to be driven primarily by rising levels of government 
participation in R&D funding, the increased role of private VCs, technology 
advancements netting reductions in production prices, and increased demand for high 
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strength structural materials across a broad range of end-use markets.86 The distribution 
of the market is shown in Figure 16. 
 
 
Figure 16: US Market segmentation for nanocomposites (2013).84 
 
Market growth & trends 
The automotive market is expected to strengthen with strong car sales and more 
efficient vehicle production in the coming years. Material consumption for vehicles has 
moved towards lighter materials with better strength-to-weight ratios (STWR). 
Regarding vehicle material consumption, there are several key trends to note: 
• The steady decline of “regular steel” usage, because of its poor STWR compared 
to aluminum and high- to medium-strength steels (and even plastic composites): 
from 44.1% in 1995 to 35.8% in 2011. 
Automotive  
51.4% 
Packaging 
22.5% 
Electronics  
13.8% 
Others 
12.3% 
Market Segmentation for Nanocomposites 
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• There has been a significant increase in the use of aluminum and high- and 
medium- strength steel replacing regular steel and iron castings.  Improved 
composites could displace this growth in some applications. 
• Plastics and plastic composites’ industries are showing healthy growth as new 
applications become possible with higher performing composite materials 
(including nanocomposites). In 1995, an average 240 pounds of plastic and 
plastic composites were being used in the vehicle. That number has increased to 
377 pounds per vehicle in 2011, with continued growth likely in coming years. 
• The use of reinforced plastic composites is steadily on the rise, with 
polypropylene (PP) and polyamide (PA) resins being the highest consumed, 
approximately 545 million pounds in 2014, and projected 614 million pounds by 
2019.84 
 
Barriers to market entry 
There are companies in the materials industry investing in the development of the 
technology for nanocomposites, both within automotive and other industries. There are 
several large companies that make up over 50% of the market share for carbon fiber 
based composites (e.g., Lear and Visteon). By partnering with existing players in the 
industry (e.g., Ford and GDC) the commercial opportunity for this work can be 
maintained with low overhead, high efficiency, and high agility whereas utilizing 
existing infrastructure for sales and manufacturing channels from these established 
companies.  
 51 
 
Intellectual property landscape 
In 2009, there were eight patents published regarding CNCs, and in 2010 there 
was a 100% increase, followed by a 70% increase in 2011. The main application for 
CNCs is composite materials (it should be noted that these applications range from 
pharmaceutical to absorbents to structural uses).87  
There are two particular patents of interest related to the technology included 
below, namely of incorporating CNCs into plastic composites or in the preparation 
thereof: 
• International Patent No WO2013/037041: “NCC-Based Supramolecular Materials 
for Thermoplastic and Thermoset Polymer Composites” – a method for the 
preparation and use in thermoplastic & thermoset composite systems of 
“supramolecular materials” of CNCs and one or two polymers synthesized by in situ 
surface graft copolymerization exhibiting low polarity and high hydrophobicity. This 
patent is pursuing similar end-goals of improving composite performance but using a 
different approach. This technology path grows polymer chains directly onto the 
surface of the nanoparticle that can then be incorporated into the polymer matrix. 
The technology path of this work is different in that a melt-mixing approach is used 
to promote dispersion and achieve improved composite performance. An advantage 
of this work is the lower barrier to wide-scale economical production of the 
composites.88 
• US Patent No 8372320B2: “Method for Drying Cellulose Nanofibrils” – a method 
for producing dried cellulose nanofibrils through a spray-drying process. This patent 
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is for the preparation of nanofibril cellulose (as opposed to CNCs, nanofibrils have 
larger dimensions and do not undergo the acid hydrolysis process to achieve pure 
crystals) via a spray-drying process for ease of use in a conventional manufacturing 
extrusion process.89 
IP due diligence and freedom to operate 
This work has been considered in light of all of the significant players in the 
relatively small nanocellulose industry (e.g., CelluForce, University of Maine, 
Weyerhaeuser, etc.), as well as keywords related to nanocellulose and composites. 
Additionally, a historical nanocellulose patent review published in 2013 indicates 
approximately 30 patents published in 2011 and fewer in previous years, which seems 
consistent with the quantity of patents related to cellulose nanoparticles and its 
applications.90 Because of this competition, market execution with these initial 
automotive launches and ability to form partnerships (and maintain partnerships in the 
case of Ford) with the key players will be necessary, sustainable competitive advantages 
that will help this new technology cross the “Valley of Death” successfully. 
Intellectual property developed in this work 
Although much work in academia regarding nanocellulose particles in polymer 
composites has been conducted, there is no known significant intellectual property 
generated with regard to our approach to commercial scalability. In June 2014, EM filed 
a provisional patent application with the USPTO entitled “Cellulose Nanocrystal 
Polymer Composite” (App # 62007224). This provisional patent was filed as a non-
provisional patent earlier in 2015. Additionally, two provisional patent applications were 
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filed in 2015, including a patent covering the nanocellulose and MAPP-Amine 
technology from Chapter III.  
Finance & revenue model 
Estimate of funding needed 
EM is positioned to initiate scale-up activities for CN composites in this work. 
Given below in Table 5 are a list of technical, intellectual property, marketing/business, 
and manufacturing milestones to be achieved within the next three years, along with the 
estimated required funding and anticipated funding sources for each. 
 
Table 5 - Milestones Summary Table 
 
Milestone Timeframe Financing Approach Amount of Funding Required
Composite Optimization 2016 Grant & research contract(s)
Optimize composite loading ratios 2016 Grant & research contract(s)
Experiment with additive packages 2016 Grant & research contract(s)
Automotive OEM (Ford) Material 
Specification approval
2016 Grant & research contract(s)
File newest patent application 2015 Internally funded $5 k
File additional patents as needed 2016+ Internally funded $15 k
Ford JDA funding renewal 2016
Initial OEM platform launch 2017
Launch with 2nd OEM Customer 2018 Internally funded $20 k
Raw materials sourcing & supply 
agreements with API
2016-2018 Capital Raise / Phase II
Add secondary extruder to process 
M.A.
2017 Capital Raise / Phase II and 
Phase IIB
Initial low-volume production 2017-2018 Capital Raise $1 M
Ramp up manufacturing 2019-2020
Joint Venture with Partners / 
Capital Raise II $20 M
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EM has already completed a significant portion of aligning the value chain and 
understanding the necessary steps remaining to cross the “Valley of Death.”  The largest 
remaining risk is the technical process development piece.  
Because of the nature of the relationship with GDC, EM has access to lease the 
compounding line capable of producing up to 3 million pounds annually of composite 
CNC pellets. The lease of this commercial line positions EM as the Tier 2 materials 
supplier. This arrangement keeps capital costs low as GDC is an experienced and 
established player. Through this agreement, EM-paid employees will be overseeing the 
production of the material as well. This way EM can maximize the infrastructure in 
place to handle the first parts and platforms. As production increases EM can purchase a 
similar line as revenue and sales warrant.  EM has access to VC and Angel investment 
communities which can facilitate a fund raise on the order of $3 MM. This event could 
also be under the form of a joint venture with multiple partners, but would become more 
formally defined over the course of the Phase II/IIB project. 
Evidence of support for the current work 
Ford Motor Company has funded research and development work being completed by 
EM as well as assisted with supply and value chain development to launch products 
within the automotive sector. Ford continues to be an interested partner and will conduct 
part testing and verification from prototypes produced for the initial instrument panel 
part being targeted. For this trial Ford will provide a prototype tool as well as the 
finished tooling for full-scale manufacture. 
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GDC is a manufacturing partner that will be heavily involved in the early production 
and scale-up of this technology. GDC’s leadership in innovative manufacturing methods 
for automotive parts has fueled their rapid growth over the last 15 years. GDC has 
multiple sales avenues to many of the major automotive OEM’s in the US and Europe. 
Additionally, EM has shared intellectual property and trade secrets for multiple 
technologies with GDC. GDC will provide production-scale compounding for the initial 
vehicle platforms and potentially the part molding as well. 
RWP Kinsale is helping EM with product-market fit and strategic sales advice. RWP 
will represent EM with sales in the automotive space. RWP has demonstrated over the 
past 20 years a capability to sell renewable composite materials for interior, exterior, and 
underhood automotive applications. RWP was instrumental for increasing GDC 
revenues from $5 million to $70 million in the period from 1995 to 2013. 
American Process Inc. is EM’s nanocellulose supply partner. API has the capability of 
producing a higher quality nanomaterial compared to any of their competition in North 
America at their demonstration plant. API is in the process of constructing a commercial 
plant to make the nanocellulose cost equivalent to traditional resins. 
Method of revenue generation  
The primary method of revenue generation from this technology will be direct 
sales of the composite material to Tier 1 automotive suppliers and other injection 
molding companies. However, because of the technology maturity and the relatively 
slow adoption process for new materials into the automotive industry, it is not likely that 
product revenues will be generated until 2017–2018, and these would initially be a low-
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volume automotive platform or partial platform, estimated at approximately 10,000 
units/year. Prior to that, sales in 2016 would be prototype material for trials. Once the 
initial platform launch is successful, more automotive platforms would work the material 
into their build cycles, assuming the business case can be met. 
Model for projecting revenues for 3 years post Phase II  
Revenue 
Market share projections 
These projections are consistent and reasonable based on conversations with a 
candidate first customer for the technology developed in this work. For example, Ford is 
positioned to be the initial automotive customer. Other OEMs may also become 
customers after Ford’s initial platform launches, through existing sales channels at RWP 
Kinsale and others.  
Product pricing strategy 
The incumbent product which is being targeted for replacement is chopped glass-
filled automotive composites. The primary motivation is to replace competing products 
that are composed of 30% glass-polymer composites. Glass fiber composites are a 
mature product and fairly inexpensive. Mature volumes of new CN-polymer products 
can expect to approach the price of glass fiber composites as the price for nanocellulose 
is expected to drop exponentially with the completion of API’s commercial 
nanocellulose plant in Q1 2018.  Mature pricing for lignin-coated CNs is projected to 
approach ~$1 per lb, with an annual capacity of 10,000–30,000 tons.88 Prior to that, 
pricing for prototype quantities will be higher. This is normal for a candidate automotive 
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parts pricing progression.  
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CHAPTER V  
CONCLUSIONS 
On the general approach 
Much scientific research effort in the academy is performed in the pursuit of 
fundamental, early-stage knowledge creation.  Answering the question of: Is it possible?  
Academic research labs are particularly well suited for this purpose, in fact.  As is often 
bemoaned on the streets outside of many of the world’s finest educational institutions; 
however, at times a loss of context can occur when the pursuit of new scientific 
knowledge ceases upon addressing possibility alone.  This need not be the case, as a 
secondary benefit accompanies the pursuit of early stage scientific research in academia, 
and that is the benefit of co-location of multiple branches of the academy, i.e., 
engineering, the sciences, and business.  Some researchers find they are able to glean the 
most value for the academic and commercial communities by concurrently developing 
not just new ideas and knowledge, but new structures, new solutions providing both 
scientific and economic profit.  In the case of the work performed and written upon 
herein, that has been the intent.  New scientific discoveries have been made and are 
documented.  To add context to this work, much congruency exists between these 
discoveries and the formation of new business ventures over the same period.  
In sum, the scientific work accomplished over the period is joined by commercial 
work of similar scope: 
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• Two new companies co-founded by Mr. Blake Teipel and others during 
the period: Essentium Materials, June 2013, and TriFusion Devices, in 
January, 2016. 
o Essentium Materials: 
§ Has been awarded $900k from the National Science 
Foundation for commercial scale-up effort to take the 
scientific research discussed in this work across the 
“Valley of Death” to commercialization. 
§ Has grown from four team members to fifteen team 
members during this period. 
o TriFusion Devices: 
§ Applies analogous commercialization principles discussed 
in Chapter IV to different scientific work needing to cross 
the “Valley of Death.” 
§ This other work combines novel uses for polymer-
nanomaterial composites with additive manufacturing of 
biomedical devices 
• To exemplify progression of this new knowledge 
into the commercial arena, TriFusion Devices was 
awarded first-place finish at the: 
o 2015 Raymond Ideas Challenge
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o 2015 Southeastern Conference 
Entrepreneurial Pitch Competition 
o 2016 Baylor New Venture Competition 
o 2016 Rice University Business Plan 
Competition 
• TriFusion Devices was also awarded first runner-
up: 
o 2016 Texas A&M New Venture 
Competition 
These commercial pursuits bear mention herein because the best and highest 
progression to the academic community occurs when scientific research progresses from 
the laboratories into the commercial marketplace.  Well-trained scientists who gain 
expertise in commercialization enliven the overall research community and aid in 
drawing out the full potential for thriving and flourishing of all people, including those 
throughout the academy.   
The scientific work presented in Chapter II and Chapter III is summarized in the 
subsequent sections. 
CNC-boehmite 
Many nanoparticles are able to stiffen epoxy matrices and gains have been 
reported with both renewable and synthetically derived particles.  In the present study 
CNCs stabilized with nanoclay are shown to improve stiffness, strength and thermal 
stability whereas maintaining elongation of a model epoxy system: the synergy of the 
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CNC:nanoclay system is primarily caused by increased mechanical interface between 
the polymer and the filler.  This renewable system is marked with high potential for 
straightforward, cost-effective manufacturing lowering the use of surfactants whereas 
increasing the market penetration of polymeric nanocomposites.  Applications such as 
automotive components, building construction products and durable consumer goods are 
poised to benefit from these new systems. 
CNC-PP 
In the present study, DETA has been used to alter the functionality of cyclic 
maleated-anhydride side groups attached to polypropylene.  Cellulose nanocrystals were 
then added and melt-compounded in a later step.  This chemistry improved the stiffness 
and tensile strength of the resultant composite, whereas maintaining a high strain-at-
break value (> 5.5%).  The formation of covalent linkages at the particle surface, in 
conjunction with crosslinking and secondary bond interactions, synergistically 
strengthens and stiffens PP composites.  Additive manufacturing, automotive 
applications, construction materials and consumer products are likely to benefit from the 
improved properties afforded by using this solvent-free system to disperse/strengthen 
cellulose nanocrystals in polypropylene. In additive manufacturing, specifically, CNCs 
can be used at 5 wt% without any adverse effects on processability whereas exhibiting 
increased properties.91 Moreover, the chemistry is promising for other high volume 
thermoplastic polymers such as polyethylene, opening up even more possibilities for 
utilizing this abundant and sustainable reinforcement material.92 
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The commercial scale up efforts presented in Chapter IV are summarized as 
follows. 
Commercial scale up efforts to date 
In Phase I of an SBIR program, EM developed a nanocellulose-reinforced composite 
that meets the tensile strength requirements for a 20% short glass filled polypropylene at a 
weight savings up to 13%. Achieving a 30% short glass fiber replacement would have a 20% 
weight savings. Phase II technical objectives will be focused on (1) meeting all Ford Engineering 
Material Specification performance requirements for 20% and 30% glass fiber composites, (2) 
raw material (maleic anhydride polypropylene (MAPP)-Amine) supply optimization, and (3) 
manufacturing development for commercial scale up. At the conclusion of the Phase II, EM will 
have gained automotive approval with our initial customer, and be seeking to launch a first part 
on a vehicle. 
Broader impact 
Nanocellulose-based composites are replete with social, educational, and 
scientific benefits. The target application is to replace heavy glass reinforcement in 
polymeric composites with CNCs for car parts, providing lighter weight vehicles with 
increased fuel efficiency. This nets strong environmental benefits. On-going research on 
the production of CNCs from various wood sources have resulted in significant 
reductions in cost (with more coming), making CNCs an increasingly attractive 
functional natural filler, the processing of which, will provide jobs in both 
manufacturing and the high-tech sector. Successful implementation of CNCs into 
composites could not only lighten vehicles and reduce environmental impact, but also 
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transform a waste stream into high-value materials helping meet current societal needs 
whereas sustainably creating new, less harmful materials for future generations.  
 Summary from Appendix: Thermal interface materials 
The commercial market for TIMs is large and growing, expected to double in 
size to at least $3.7 Bn by 2025.  The performance of this technology against the key 
metric for this industry, thermal conductivity, in conjunction with the second key metric, 
surface conformance (softness), vastly exceed the nearest known solution.  Key 
development risks remain and will need to be mitigated through robust, objective 
innovation. 
On the author’s professional philosophy 
Evidence based entrepreneurship is the most highly quantifiable form in which to 
pursue commercialization activities.  The same rigor and utilization of data-based 
decision making can yield a deep understanding of the embodiment for which a new 
invention is most likely to yield commercial opportunity, and, by extension, yield 
resources by which new fundamental understanding may be pursued.  
Early investigators viewed the fields of science and engineering through different 
lenses.93 Niels Bohr pursued a furtherance of scientific understanding without much 
concern as to the commercial implications of his work.  Thomas Edison’s luminary 
efforts at not only the lightbulb but a multitude of other engineered devices were built 
from the viewpoint that commercial success was the best indicator of scientific success.  
Louis Pasteur struck a keen balance between a search for fundamental understanding and 
consideration for usage of a new discovery.   
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Figure 17: Search for fundamental understanding vs Consideration for use.94 
 
The human community finds its greatest furtherance in the unity of diversity as 
shown by the manners in which these successful and yet inhomogeneous methods 
produced foundations on which many other discoveries have been erected.  It may be 
that with a robust recognition that evidence-based and objective views such as those 
practiced by these early pioneers belong throughout the academy, the university will 
continue to be equipped to foment solutions to the grandest of challenges for centuries to 
come.  
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APPENDIX:  COMMERCIALIZATION OF NEXT-GENERATION 
NANOCOMPOSITES. CASE STUDY OF METAL-MATRIX THERMAL 
INTERFACE MATERIALS 
Description of the problem 
There is an increase in demand for smaller, lighter and more efficient electronic 
devices to simplify our everyday life, protect the environment, expand global access to 
education and decrease energy consumption. However, overheating in these devices has 
been a challenge which has prevented existing technology from meeting key application 
requirements in this space, and has prevented the necessary improvements in technology 
for future electronic devices to fully meet the small size, high-power and high-reliability 
specifications for personal applications (Figure 18). 
Figure 18: Heat generation occurs in microelectronic and semiconductor devices and can 
lead to device inoperation and failure. 
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In some cases, consumer protection groups have advocated discontinuing longer 
time-scale usage of electronic devices to prevent heat buildup in the device as shown in 
Figure 19. 
 
 
Figure 19: Users of all types of devices are hindered when thermal mis-management 
causes device shut down. 
 
As Moore’s law has continued to progress, the number of transistors per 
microchip is now limited by thermal management.  Thus, to enable continued 
improvement in computational capability advancements in thermal management are 
required.  To serve this broad and growing need, Thermal Interface Materials (TIMs) 
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provide improved contact resistance and conductivity from microprocessors to heat sinks 
in electronic devices.  
The range of materials available to promote device cooling has been largely 
unchanged for more than a decade and their performance improvements are lagging 
behind the advances made in electronics applications. A new TIM was developed within 
the Akbulut Group at Texas A&M University, which can manage heat very effectively 
and as a result enable electronics to operate faster, more accurately and reliably.  
Typical end users for TIMs technology would be electronic device and hardware 
manufacturers and their suppliers. Industries within which customer discovery 
interviews are expected to be conducted include device makers for equipment used in 
personal and supercomputing industries, mobile and telecommunications, military and 
defense, aerospace and avionics, energy storage (e.g., batteries), healthcare imaging and 
devices which incorporate wearable technologies. Electronics industries dealing with 
high-power processors, high-intensity LEDs, vehicle electronics, telecommunication 
infrastructure, and semiconductor chip packaging can significantly benefit from 
improvements in TIM technology. The use of batteries in automotive and home-power 
landscapes is exponentially increasing. Overheating remains a critical issue affecting the 
safety and limiting the performance of such batteries. Alternative power generation 
technologies such as wind and solar also rely on robust power storage solutions – all of 
which will be enhanced by access to next-generation thermal management technology. 
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Description of the proposed solution 
Principle aspects of the current technology center on the unique approach for 
achieving high-capacity, uniform dissipative cooling. TIMs are needed because of 
mismatching surfaces between the microprocessor and the heat sink as shown in Figure 
20. At the micron scale, these surfaces barely touch, trapping air between them which 
leads to poor conductivity and uneven cooling. Therefore, an interface material which is 
both highly conductive and compliant enough to fill the voids between the surfaces is 
needed.   
 
 
Figure 20: Surface mismatch between thermal source and heat sink (Atomic Force 
Microscopy (AFM) surface contour shown). 
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An ideal TIM would be softer than the usually metallic microprocessor 
packaging and heat-sink surfaces yet would offer similar conductivity as these metallic 
components. Figure 21 illustrates the challenges posed when hard yet conductive TIMs 
are utilized for dissipative cooling.  
 
 
Figure 21: Poor surface-surface contact leads to poor thermal conductivity. 
 
The inspiration for this technology came from NSF Award # 1236532, which 
helped obtain a fundamental understanding of the interactions and adsorption of 
nanoparticles on solids surfaces as well as control the kinetics and thermodynamics of 
nanoparticulate (BN nanosheets) adsorption on solid (copper) surfaces.  The approach 
for this technology is based on the deposition of BN nanosheets onto copper surfaces as 
copper continuously grows electrochemically. The developed hybrid material 
significantly outperforms the current-state-art of TIMs (Figure 23). 
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Based on this fundamental understanding, a novel TIM technology was 
developed, which involves a nanocomposite material loaded with nanoparticles (Boron 
Nitride (BN) nanosheets). The formation of this nanocomposite requires the adsorption 
of BN nanosheets on solid metallic surfaces.  The resultant thin film is uniform, flexible, 
compliant and robust (Figure 24). 
 
 
Figure 22: Next generation Thermal Interface Materials 
 
The effective thermal conductivity of many commercially available TIMs are on 
the order of 5–10 W/(m·K), which is considerably lower than the thermal conductivities 
of typical mating components.  The best current technology has conductivity values 
which range from 20 – 80 W/(m·K) as shown in Figure 23. 
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Figure 23: Current Generation Thermal Interface Materials with corresponding thermal 
conductivities 
 
The novel TIM solution developed utilizes a ceramic nanoparticle functionalized 
with soft ligands, which is then electrocodeposited in a metal matrix.  This is all 
achieved by a TIM produced in an easy three step process (Figure 24). The developed 
approach is highly scalable as it primarily relies on a reaction tank and a pulsating DC 
power source, thereby making it likely to be commercially cost-effective. This 
technology therefore provides a nanocomposite which is a combination of metallic, 
ceramic and polymeric microstructures.  For these reasons, primarily, it seems likely that 
this technology may be a good fit for commercialization. 
 85 
 
 
Figure 24: Three step process to produce next-generation TIMs 
 
The new material has ultra-high thermal conductivity much greater than 250 
W/(m·K) (Figure 25). In addition to this outstanding conductivity, it has high 
compliance, flexibility, and compatibility with metals, and achieves a total bulk thermal 
impedance of 1–4 × 10-3 K·cm2/W which is an order of magnitude lower than 
commercially available TIMs. To date, proof-of-concept experiments have yielded 
measurable decreases in component-cooling times.   
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Figure 25: Breakthrough TIMs must exhibit low elastic modulus and high thermal 
conductivity 
 
Next generation TIMs are composed of innovations in the filled-polymer, metal-
matrix composite, and solder categories.  There is significant interest in capitalizing on 
the transport-properties of metallic materials, hence metal-matrix composites are a 
promising pathway to achieve needed system gains.  The challenges to this solution path 
are found in the mechanical properties of the material: mechanical and transport 
properties are due in large part to the electron structure and hence are intrinsic values of 
metals themselves.  It is thus difficult to alter one whereas maintaining the other.  This is 
why the current technology is so interesting.  The conductivity (transport property) is 
barely reduced (38% reduction from 400 W/m·K in pure copper to >250 W/m·K in the 
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invention) whereas the stiffness is reduced by 88% (125 GPa in pure copper to 15 GPa 
in the invention) (Figure 25). 
Development plan 
As TIMs technology is still early stage, it must be developed to cross the “Valley 
of Death” as shown in Figure 26.  An appropriate development plan is therefore 
necessary and is presented. 
 
 
Figure 26: Innovation stage: next generation Thermal Interface Materials 
 
Risks 
The technology is risky from an economic standpoint.  There will be significant 
barriers to entry into new markets, such as:  
1. Institutional inertia   (customer’s resistance to change) 
2. Unknown technology   (this will be disruptive to old technology) 
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3. Management change  (customers with whom we begin discussions may 
not stay through project) 
4. New value chain  (existing manufacturers may not be able to support 
the processes) 
5. Scale-up timeline  (unknown) 
6. Manufacturing readiness  (TBD.  Between MRL-2 – 4) 
7. Final material configuration  (unknown) 
8. Economics    (unknown) 
9. Competing intellectual property (full field unknown.  At least one recent 
patent filed by Apple is very close)94 
Technology/Manufacturing Readiness Level (TRL / MRL) 
Online references to this technology score it at Technology Readiness Level  6 
(TRL-6) (Table 6).95  However, the component must be scaled prior to becoming a full 
system-level prototype.  Therefore, it is likely that this technology is at TRL-5.96  There 
is significant development time, and subsequent de-risking, between TRL-5 and TRL-6.  
The material is between Manufacturing Readiness Level 2 (MRL-2) and (MRL) four (4) 
using the Department of Defense (DoD) scale (Table 7).97  Thus, the TRL and MRL 
must be brought into congruency, which is a principle function of an early stage venture 
in this effort.  
The main reasons for the assessed TRL and MRL are: 
1. The TIMs are not scaled to sheet- or roll-sizes (anything beyond postage-stamp 
size) 
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2. There have been, at various points during development, difficulties obtaining 
uniform nanoparticle diffusion.  The robustness of the present uniformity 
solution needs to be further understood to ensure it will scale well to sheet, roll or 
a device itself 
3. The TIMs used in video, etc., are in a miniature sheet-form which is not fastened 
to any other component by way of adhesive, mechanical or threaded fastener.  In 
final assembly environments, it will be critical to ensure the TIMs will remain in 
place on the electronic device, once put in place 
Further, additional investigation is warranted, and will be conducted as a function 
of normal scale-up research, as to why a >230% improvement in thermal conductivity 
(>250 W/m·K vs 75 W/m·K for indium (Figure 25)) translates only to a 37% 
improvement in cooling time for the same setup (4.63 vs 7.34 min).  As the invention is 
still in its infancy such system cooling performance can be readily improved.  But the 
technology is not without risk and may never be able to be sold at price points that 
customers are willing to make a change, to adopt. 
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Table 6 - Technology Readiness Level Pertinent Position (selection from full DoD TRL) 
Technology 
readiness level Description Supporting information 
4. Component 
and/or breadboard 
validation in 
laboratory 
environment 
Basic technological components 
are integrated to establish that 
they will work together. This is 
relatively “low fidelity” 
compared with the eventual 
system. Examples include 
integration of “ad hoc” hardware 
in the laboratory. 
System concepts that have been 
considered and results from 
testing laboratory-scale 
breadboard(s). References to 
who did this work and when. 
Provide an estimate of how 
breadboard hardware and test 
results differ from the expected 
system goals. 
5. Component 
and/or breadboard 
validation in 
relevant 
environment 
Fidelity of breadboard 
technology increases 
significantly. The basic 
technological components are 
integrated with reasonably 
realistic supporting elements so 
they can be tested in a simulated 
environment. Examples include 
“high-fidelity” laboratory 
integration of components. 
Results from testing laboratory 
breadboard system are 
integrated with other supporting 
elements in a simulated 
operational environment. How 
does the “relevant environment” 
differ from the expected 
operational environment? How 
do the test results compare with 
expectations? What problems, if 
any, were encountered? Was the 
breadboard system refined to 
more nearly match the expected 
system goals? 
6. 
System/subsystem 
model or 
prototype 
demonstration in a 
relevant 
environment 
Representative model or 
prototype system, which is well 
beyond that of TRL-5, is tested 
in a relevant environment. 
Represents a major step up in a 
technology’s demonstrated 
readiness. Examples include 
testing a prototype in a high-
fidelity laboratory environment 
or in a simulated operational 
environment. 
Results from laboratory testing 
of a prototype system that is 
near the desired configuration in 
terms of performance, weight, 
and volume. How did the test 
environment differ from the 
operational environment? Who 
performed the tests? How did 
the test compare with 
expectations? What problems, if 
any, were encountered? What 
are/were the plans, options, or 
actions to resolve problems 
before moving to the next level? 
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Table 6 Continued  
Technology 
readiness level Description Supporting information 
7. System 
prototype 
demonstration in 
an operational 
environment. 
Prototype near or at planned 
operational system. Represents a 
major step up from TRL-6 by 
requiring demonstration of an 
actual system prototype in an 
operational environment (e.g., in 
an aircraft, in a vehicle, or in 
space). 
Results from testing a prototype 
system in an operational 
environment. Who performed 
the tests? How did the test 
compare with expectations? 
What problems, if any, were 
encountered? What are/were the 
plans, options, or actions to 
resolve problems before moving 
to the next level? 
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Table 7 - Manufacturing Readiness Level with TIMs position highlighted (selection 
from full DoD MRL) 
Phase (as 
specified 
by DoD I 
5000.02[7] 
Leading to Definition Description 
Material 
Solutions 
Analysis 
Material 
Development 
Decision 
review 
Basic 
manufacturing 
implications 
identified 
Basic research expands scientific 
principles that may have manufacturing 
implications. The focus is on a high level 
assessment of manufacturing 
opportunities. The research is unfettered. 
Manufacturing 
concepts 
identified 
Invention begins. Manufacturing science 
and/or concept described in application 
context. Identification of material and 
process approaches are limited to paper 
studies and analysis. Initial manufacturing 
feasibility and issues are emerging. 
Manufacturing 
proof of 
concept 
developed 
Conduct analytical or laboratory 
experiments to validate paper studies. 
Experimental hardware or processes have 
been created, but are not yet integrated or 
representative. Materials and/or processes 
have been characterized for 
manufacturability and availability but 
further evaluation and demonstration is 
required. 
Milestone A 
decision 
Capability to 
produce the 
technology in a 
laboratory 
environment. 
Required investments, such as 
manufacturing technology development 
identified. Processes to ensure 
manufacturability, producibility and 
quality are in place and are sufficient to 
produce technology demonstrators. 
Manufacturing risks identified for 
prototype build. Manufacturing cost 
drivers identified. Producibility 
assessments of design concepts have been 
completed. Key design performance 
parameters identified. Special needs 
identified for tooling, facilities, material 
handling and skills. 
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In order to assess the market readiness of this technology, and in order to 
determine appropriate customers for the technology, participation in the National 
Science Foundation Innovation-Corps (I-Corps) program was instituted. 
Customer discovery 
It is necessary to gain voice of the market data (VoM) during I-Corps interviews 
and other market research activities conducted during the program. Given the stratified 
nature of the supply chain for electronic and microprocessor devices it is necessary to 
map the supplier base and raw material manufacturers.  Candidate interviewees include 
engineers at Apple, Intel, and Tesla Motors as these are examples of typical end-use 
customers. Interviews within the supply base will also be beneficial. These customers 
and others have needs to cool microprocessors, high-frequency electronics, and lithium-
ion batteries through a heat sink coupled with TIMs. For these applications, the thermal 
conductivity of TIMs sets the limit of cooling and energy efficiency. As electronic 
components get smaller and high energy efficiency is pushed for Green computing, these 
industries are increasingly needing new TIMs with thermal conductivities much greater 
than 10 W/(m·K). 
This TIMs technology has already been demonstrated at the proof-of-concept 
stage and is now at the initial prototype stage. Its development is ripe for input from the 
VoM. This VoM data will enable us to select the pathway to our minimum viable 
product(s).  
It is anticipated that through participation in the I-Corps program and especially 
the intensive interview process, the technology will move from its Early-Stage positon to 
 94 
 
one which is nearer to Market Ready. Initial scale up activities, optimization of cooling 
performance by manipulation of processing parameters and minimization of chemical 
use will all then be subsequently initiated. A pressing question we seek to answer will be 
whether to pursue funding to fully scale and commercialize the technology ourselves or 
to seek to license the technology to elsewhere in the supply base.  
To conduct adequate customer discovery it is necessary to get out of the building 
to gain the broadest perspective possible (see Figure 27).  Given this technology started 
in College Station, TX, there was significant travel required to gain perspective from 
industrial users.  
 
 
Figure 27: The National Science Foundation I-Corps Program mandates customer 
discovery away from users who may be familiar with a technology under investigation. 
 
A typical customer archetype for this technology is a hardware engineer with 
design control over various types of electronic assemblies.  Figure 28 illustrates a typical 
customer archetype for this technology and associated end-use applications.  It is of 
critical import to discern the appropriate customer for any type of new technology.  
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Engineers, scientists, and academicians often fall prey to the notion that an excellent 
solution is a sufficient condition to generate market acceptance, and, eventually, revenue 
from product or technology sales.  Technical efficacy is a necessary but insufficient 
condition to produce product sales.  A robust understanding of the commercial market is 
required to generate commercial opportunity and business growth. 
 
 
Figure 28: typical customer archetype, a typical customer constraint (Moore’s Law) and 
example end-use applications for TIMs 
 
Once a customer archetype is defined and example applications are known, 
examination of existing business in the space is required.  
Known suppliers of current TIMs solutions 
There are myriad companies operating in this space both in the direct supply and 
technology roles. 
Key Vendors 
• Cookson Electronics Assembly Materials 
• Dow Corning 
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• Henkel 
• Honeywell International 
• Laird  
• Zalman Tech 
Other Prominent Vendors 
• 3M  
• Arctic Silver  
• Indium  
• NuSil Technology 
• Seal King Industrial  
• Stockwell Elastomerics 
• Thermal Transfer Composites 
• Universal Science 
• Vanguard products 
Risk mitigation plan 
A candidate company would adopt these initial steps to develop and therefore de-
risk, the technology: 
1. Initiate a rigorous market-study via participation in the NSF I-Corps program 
a. This program is funded via the National Science Foundation to a 
secondary education institution such as TAMU with support for a 
graduate student, and all program expenses including travel. 
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b. This six-month program is front-loaded into seven weeks of intensive 
interviews and information gathering from experts/agents in the Thermal 
Materials space.  The key deliverables are significant industry 
relationships and a Go/No Go decision on commercialization of the 
technology as-is. 
2. Instead of I-Corps, (if program participation is not possible) a candidate company 
would need to initiate market development activities with key experts/agents in 
this space 
3. Grant proposals providing funds to commercially develop this material are 
available.  Potential sources include: 
a. National Science Foundation via SBIR funding pathway 
b. Department of Defense 
c. Commercial organizations within defense, electronics and automotive 
industries 
Timeline and milestones 
The development of TIMs is intended to provide exposure to the commercial 
market for this material, in conjunction with the provision/invention of scale-up 
technology.  The development path could follow a NSF pathway via established and 
trusted SBIR program phases.  Figure 29 illustrates the projected development timeline 
with milestones indicated (e.g., X’s and the Hiring Markers). 
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Figure 29: TIMs development timeline and milestones. 
 
This timeline hinges upon:  
1. the raise of approximately half of the total required funds raised via NSF or 
similar organization or, if a more accessible funding path is identified, a greater 
amount of funds will be raised more rapidly 
2. the ability to add technical headcount at the appropriate times (e.g., when new 
funds equaling approximately half of the total cost to support a new FTE are 
appropriated/promised, a decision to initiate a new hire can be made) 
3. the market analysis providing a Go decision whereby the demanded 
specifications can be supplied at a profitable price point 
Year
Quarter Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
TIMs	Product	Development
Market	Development
NSF	iCorps	or	similar
7-week	intensive	portion
Final 	Report X
Early	Stage	Developmental	Funding
SBIR	Ph1	or	similar
Proposal 	due	date X
Noti fication	of	funding X
Final 	Report X
Ph	2	Program
Proposal 	due	date X
Noti fication	of	funding X
Reports X X X X X X
Large	Capital	Raise
Round	1:	$1.0MM	(Outside	Funds)
Round	2:	$5.0MM	(Outside	Funds)
Round	3:	$10.0MM	(Outside	Funds)
First	Revenue
From	TIMs
TIMs	Market	Development	Timeline
2020
$150k
Ph2:	$750k	(24	mos) Ph2b:	$500k	(18	mos)
2015 2016 2017 2018 2019
$50k	(6	mos)
+	1	FTE
+	1	FTE
+	1	FTE
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It should be noted that a candidate company would need to supply approximately 
half of all required investment from internal funding or other sources.  Any external 
development funding awarded should be viewed as a catalyst for market entry, not the 
sole enabler.  Additionally, it is believed that if additional funding becomes available 
during the development timeline, additional headcount may be procured which will 
directly serve to speed the project. 
Description of the potential commercial impact 
The global market for this technology is expected to grow to $962.0 million by 
2020 with thermal management hardware (fans and blowers, heat sinks) accounting for 
84% of this growth. Commercial pricing for current generation TIM technology varies 
widely by material capability and industry served. For instance, graphite-based TIMs 
cost $50–100 per square meter whereas silica filled elastomer TIMs cost $5–20 per 
square meter. Given that our solution improves thermal performance about 3-fold in 
comparison to the best available TIMs, we anticipate that a customer would pay at least 
$100/m2 of our TIM.  
Results from the National Science Foundation I-Corps program 
Over a seven week period, 104 customer discovery interviews were conducted.  
Of these, 93 were conducted in person.  Interviews were conducted in the following 
cities:  
1. California 
a. San Jose 
b. Santa Clara 
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c. San Francisco 
d. Palo Alto 
2. Texas 
a. College Station 
b. Houston 
c. Austin 
d. Richardson 
e. Red Oak 
3. Massachusetts 
a. Boston 
4. Arizona 
a. Phoenix 
b. Chandler 
5. Michigan 
a. Detroit 
b. Ann Arbor 
6. Virginia 
a. Arlington 
7. The District of Columbia 
Figure 30 shows a selection of the companies visited during these interviews.  
The interviews were conducted by one or two members of the I-Corps team, usually the 
Entrepreneurial Lead and the Industry Mentor.  Typical interviewees included members 
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of the technical community for the company or organization under consideration.  These 
interviewees were most often considered as end-users of the technology (Figure 28). 
 
 
Figure 30: End-user feedback was gained from technical groups across the United States. 
 
Example end user feedback was compiled through the interview portion of the I-
Corps program.  General respondent feedback was highly positive as to the value 
propositions of the technology within the customer segments queried.  Thought leaders 
and influencers in the microelectronic, computer component and Li-battery communities 
issued responses to the technology queries shown in Figure 31. 
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Figure 31: Feedback from selected End Users. 
 
Conclusions: Thermal Interface Materials 
This method for fabricating hybrid metal-matrix ceramic-ligand nanocomposites 
provides a simple two-step method for preparation of materials with 300% better 
performance than their closest known competition.  The results of the I-Corps program 
were highly positive with regard to the fitment of the technology to provide improved 
dissipative cooling for multiple customer segments across the electronic device 
industrial ecosystem.  The TIMs technology in question is still quite early in 
development, however, and not yet ready for commercialization as compared to the CN-
polymer nanocomposites of Chapter II and Chapter III. 
Future work for the TIMs technology includes: 
1. Cost analysis and pricing model development 
2. Manufacturing scale-up analysis to be performed 
3. Sales Channel development  
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4. Conduct additional customer interviews.  400–500 interviews represent 
an actual number required to fully survey an unknown market. 
